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ABSTRACT 
This dissertation is concerned with the design of permanent magnet synchronous motors 
(PMSM) to operate at super-high speed with high efficiency. The designed and fabricated 
PMSM was successfully tested to run upto 210,000 rpm The designed PMSM has 2000 W shaft 
output power at 200,000 rpm and at the cryogenic temperature of 77 K. The test results showed 
the motor to have an efficiency reaching above 92%. This achieved efficiency indicated a 
significant improvement compared to commercial motors with similar ratings. 
This dissertation first discusses the basic concept of electrical machines. After that, the 
modeling of PMSM for dynamic simulation is provided. Particular design strategies have to be 
adopted for super-high speed applications since motor losses assume a key role in the motor 
drive performance limit. The considerations of the PMSM structure for cryogenic applications 
are also discussed. It is shown that slotless structure with multi-strand Litz-wire is favorable for 
super-high speeds and cryogenic applications.  
The design, simulation, and test of a single-sided axial flux pancake PMSM is presented. 
The advantages and disadvantages of this kind of structure are discussed, and further 
improvements are suggested and some have been verified by experiments.  
The methodologies of designing super high-speed motors are provided in details. Based 
on these methodologies, a super high-speed radial-flux PMSM was designed and fabricated. The 
designed PMSM meets our expectation and the tested results agree with the design 





2-D and 3-D modeling of the complicated PMSM structure for the electromagnetic 
numerical simulations of motor performance and parameters such as phase inductors, core losses, 
rotor eddy current loss, torque, and induced electromotive force (back-EMF) are also presented 
in detail in this dissertation. Some mechanical issues such as thermal analysis, bearing pre-load, 
rotor stress analysis, and rotor dynamics analysis are also discussed.  
Different control schemes are presented and suitable control schemes for super high- 
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CHAPTER ONE: INTRODUCTION 
1.1 Motivation 
An electric machine is electrically, mechanically and thermally a complex structure. 
Although these machines were introduced more than one hundred years ago, the research and 
development in this area appear to be never-ending.  
Recently, more and more researchers are focusing on the design of high-speed, super 
high-speed, or even ultra high-speed machines for the applications such as centrifugal 
compressors, vacuum pumps, flywheel energy storage systems, friction welding units, and 
machine tools that require higher speed drives [1]-[3]. Such high-speed machinery would include 
small gas turbine engines as examples of fluid flow machines, and high-speed motors and 
alternators as examples of electric machines. The increasing interest in these types of machines is 
partially due to the very small size and weight achievable in comparison to machines using 
conventional design strategies. The small size for a given power results from the requirement of 
only low torque since the speed is high. The higher the motor speed, the smaller the electric 
motor volume for the same power output. The volume (V) of the machine is proportional to the 
output power (Pout), and inversely proportional to phase current density (J), airgap flux density 











Increasing current density, flux density and rotor velocity can increase the power density. 
However, increasing current density and flux density is limited due to the magnetic flux 
saturation and copper loss. Although current density can be increased considerably by using 
super conducting materials, it is still very expensive and not suitable for low-power machines. 
Large volume of additional components required to provide cryogenic temperature for super 
conducting will reduce the power density greatly for low-power machines. Therefore, increasing 
rotor speed is desirable to increase power density of the machine.  
The focus of this research is to design, simulate, fabricate and test of a super-high speed 
permanent magnet synchronous motor (PMSM) for a compressor driving application. 
The work proposes the design of a super-high speed PMSM with the output power of 
2000 W at 200,000 rpm at a cryogenic temperature of 77 K. It is also required to operate at room 
temperature at 200,000 rpm with reduced power output. As I know, little work has been done on 
the study of super high-speed machines. When operating speed is high, the PMSM becomes 
small for the same power, so the motor loss will become the key role to limit the motor drive 
performance. It is very important to keep the loss as low as possible for the motor to operate at 
super high-speed. Unique design strategies have to be adopted to achieve this. The friction loss, 
that includes bearing loss and windage loss, will also be very significant when the speed is very 
high. Therefore, proper rotor and bearing designs are needed. At super high-speeds, thermal, 
rotordynamic, and rotor stress analyses will also become important. Proper design of the PMSM 
structure and optimization of the dimensions to minimize losses become important for the 





challenging as the material properties change dramatically at cryogenic temperatures, which will 
vary the design parameters significantly.  Some materials, such as carbon steel, plastic, and 
rubber, may become very brittle and are not suitable for cryogenic applications.  
1.2 Dissertation Organization 
Chapter 2 discusses briefly the basic motor concepts, the modeling of PMSM for analyses 
and simulations, and design methodologies. The motor design procedures and the analysis 
methods are also presented. In Chapter 3, the design, simulation, analysis, and test of a high-
speed axial-flux PMSM are introduced. Detailed analysis of the prototype is also presented and 
some improvements are suggested and verified with experiments. Chapter 4 introduces the 
design, simulation, analysis and testing of a super high-speed cryogenic PMSM. The structural 
considerations and material selection are also addressed in detail. The analysis and simulation of 
the prototype characteristics such as distribution of flux densities, induced electromagnetic force 
(back-EMF), phase inductances, torque, and losses are also presented. Chapter 5 highlights the 





CHAPTER TWO: PMSM MODELING AND DESIGN 
Electric machines provide the driving power for a large and still increasing part of our 
modern industrial economy. The range of sizes and types of electrical machines are large and the 
number and diversity of applications continue to expand.  
In this section, the fundamentals of the electric machine concept are reviewed. After that, 
the modeling of PMSM and PMSM design procedures are presented. 
2.1 Classification of Electric Motors 
The electric machines include electric motors and generators. The electric machine is a 
simple device in principle. Electric motor converts electrical energy into mechanical energy, 
while electric generator converts mechanical energy into electrical energy. Over the years, 
electric motors have changed substantially in design. However, the basic principles have 
remained the same. 
There are many kinds of electric motors available. The electric motors are broadly 
classified into two categories: AC and DC motors. Within these categories, there are many 
subdivisions as shown in Figure 1.  
DC motors operate with terminal voltage and current that is substantially constant. DC 
motors are categorized into two classes: homopolar DC motors and commutator DC motors. The 
homopolar motor was the first rotating electric motor developed and demonstrated by Michael 





in order to reduce copper loss, superconducting technology is often adopted [5]. Commutator 
motor uses commutator and brushes to keep the torque on a DC motor from reversing every time 
the coil moves through the plane perpendicular to the magnetic field. 
 
Figure 1 A classification of electric motors. 
 
AC motors, designed to operate with alternating current (AC) supplies, are categorized 
into two classes: induction motors (asynchronous motors) and synchronous motors. Induction 
motors have been most widely used in today’s economy since they are simple, rugged and 
usually cheap to produce. They dominate in applications at power levels from a few hundred 
watts to about half a megawatt where rotational speeds required do not have to vary and are not 
important. Synchronous motors have several advantages over induction motors such as high 
efficiency. However, they are still not as widely used as induction machines because their rotors 
are more complex. However, due to the fast development of power semiconductor industry, more 





Synchronous motors can further be classified into several types: brushless DC motors, 
sine wave motors including PMSMs and wound field synchronous motors, hysteresis motors, 
step motors, and reluctance motors. 
Brushless DC motors, which have trapezoidally back-EMF, evolved from brush DC 
motors as power electronic devices became available to provide electronic commutation in place 
of the mechanical commutation provided by brushes. Brushless DC motors tend to be more 
popular than AC synchronous motors in low cost and low power applications due to its 
simplicity, though the efficiency is lower than that of PMSMs.  
Sine wave synchronous motors have sinusoidal back-EMF, so are commonly referred as 
AC synchronous motors. AC synchronous motors have sinusoidally distributed windings and the 
generated back-EMF in each armature winding has a sinusoidal shape. These motors are driven 
by sinusoidal currents and produce constant torque. A wound field synchronous motor has the 
winding in the rotor that is supplied with DC current to generate constant magnetic flux. When 
the winding in the rotor is replaced with permanent magnet, it is called PMSM. A PMSM has 
higher efficiency than a wound field synchronous motor because the absence of active windings 
in the rotor leads to no conduction loss in the rotor.  
There are also other types of motors such as hybrid motors and double salient motors. A 
hybrid motor is a motor that combines two or more types of motor structures together [6], [7].  A 
double salient motor is a motor that has both permanent magnets and windings in the stator. It 
incorporates the merits of both BLDC and SRM: a) single configuration and robust rotor, and b) 





2.2 Modeling of PMSM 
2.2.1 Clarke’s Transformation 
Clarke’s transformation is a method of transferring three-phase to two-phase in stationary 
coordinate system. In Figure 2, the three-phase variables are denoted as a, b and c. The two-
phase variables are denoted as α and β. A third variable known as the zero-sequence component 
is added to make the transformation to be bi-directional: 
]][[][ 00 abcfTf αβαβ =                                                           (2.1) 
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Figure 2 Relationship between the αβ and abc quantities. 
 
2.2.2 Park’s Transformation  
The Park’s transformation converts vectors in balanced 2-phase orthogonal stationary 
system into orthogonal rotating reference frame. The transformation equation is of the form 





where θd is the angle between α-axis and d-axis as shown in Figure 3, and the dq transformation 
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Figure 3 Relationship between αβ axis and dq axis. 
 
Park’s transformation is used to transform the stator quantities of a synchronous machine 
onto a dq reference that is fixed to the rotor. The positive d-axis is aligned with the magnetic axis 
of the field winding. When the rotating reference frame is based on the inverter output voltage 
vector, this coordinate system is called r-δ coordinate system. d-q and r-δ coordinate systems 





relationship between dq-axis and rδ-axis is shown in Figure 4 where angle δ is called the load 
angle. 
 
Figure 4 Relation between dq-axis and rδ-axis 
 
2.2.3 Circuit Representation of PMSM  
There is a wealth of literature on the synchronous machine modeling and the 
determination of parameters [11]-[16]. Of these, the most popular and widely adopted is the 
coupled-circuit approach that is also easy to understand [16]. Figure 5 shows a circuit 
representation of an idealized three-phase synchronous motor.  
Three phases connected in Y connection represents stator part. In rotor part, although the 
rotor may have only one physically identifiable field winding (f) (for permanent magnet motor, 





additional windings, such as winding g, are often used to represent the damper windings and the 
effects of current flow in the rotor iron due to iron loss. For the salient-pole rotor machine, 
usually two such additional windings are used, one on the d-axis (kd) and the other on the q-axis 
(kq). Most synchronous generators can be adequately represented by a model that is based on an 
equivalent idealized machine with one or two sets of damper windings, besides the field winding. 
Damper windings in the equivalent machine can be used to represent the damping effects of eddy 
currents in the solid iron portion of the rotor poles.  
 
Figure 5 Circuit representation of an ideal machine. 
 
2.2.4 Mathematical Modeling  
Mathematical models of PMSM are often used in simulations. After transformations and 



















































00                                                   (2.9) 
where the flux linkages are 
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where 
                 Vq, Vd, V0        qd0 voltages 
                 iq, id, i0             qd0 currents 
                 λq ,  λd , λ0              qd0 flux linkages 
                 rs                                 armature or stator winding resistance 
                θr                                   rotor angle 
                 Lmq, Lmd,           mutual inductance in q-axis and d-axis 





                 Lq                     q-axis synchronous inductance, and Lq= Lmq + Lls    
                 Ld                     d-axis synchronous inductance, and Ld= Lmd + Lls    
                 ,              equivalent q-axis and d-axis damper winding resistance   kqr′ kdr′
                 ,kqλ′ kdλ′             equivalent q-axis and d-axis damper flux linkage   
                       equivalent d-axis damper inductance   kdkdL′
                 ,              equivalent q-axis and d-axis damper current   kqi′ kdi′
                        equivalent  magnetizing current of the permanent magnets   mi′
            λm                   flux linkage of permanent magnet 
So the equivalent qd0 circuit is given in Figure 6 where Lrc is the equivalent permanent magnet 
inductance that is associated with its recoil slope. It is lumped with the common d-axis mutual 
inductance of the stator and damper windings, and the combined d-axis mutual inductance 
denoted still by Lmd. A lot of literatures described the measurement and calculation of the above 
parameters for simulations [17]-[21]. 
Most of PMSMs are designed without damping windings, so in reality, the damping 
windings represent the associated loss in the rotor.  If the loss associating with the rotor can also 
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where ωe is the electrical angular frequency.  
 
 
Figure 6 Equivalent qd0 circuits of a permanent magnet synchronous motor. 
 
The total power to the motor is given by 





Or it is         
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where the first term is the ohmic loss, the second term is the rate of change in magnetic energy, 
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where p is the number of pole pairs. 
2.2.5 Phasor Diagram  
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where Ef,  refered to as the steady-state field excitation voltage on the state side, is given by 
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Figure 7 shows the phasor diagrams of the motor with (a) a leading power factor, and (b) 
a lagging power factor. Here, θ is the power factor angle, and δ is the load angle. As shown in 
Figure 7 (a), for motoring with a leading terminal power factor, the armature magnetomotive 
force (MMF), Fa, has a d-axis component that bucks the field MMF, Ef. When the terminal 
voltage is increased, the power factor will change from leading to lagging, and Fa will reinforce 
Ef as shown in Figure 7 (b).  
2.3 PMSM Design Procedure 
The design of electrical machine is interdisciplinary. Complicated mechanical, 
electromagnetic, and thermal analysis must be considered. Figure 8 shows the general design 
flow chart. The design work begins with the required specifications such as the rated speed, rated 
voltage, output power, efficiency, total weight, and overall dimensions. According to the 
experience, previous knowledge, and sizing equations, the basic design parameters of the motor 





structure, can be selected first. Then the motor dimensions such as rotor, stator, and airgap are 
roughly determined based on sizing equations and some tradeoffs.  After that, electromagnetic 
analysis and simulation are performed. At the same time, rotordynamic analysis, rotor stress 
analysis, and thermal analysis are also considered to make sure that they meet the requirements. 
The operation point of the permanent magnets has to be taken into account to avoid the 
demagnetization of the magnets in all loading situation. An external magnetic field at a high 
temperature can also cause demagnetization. The magnetic state of permanent magnets must be 
checked in maximum operation conditions as well as in possible fault situations considering also 
the temperature of the permanent magnets during these situations [22]. The design process of 
electric machines involves continuous iterations of electromagnetic, thermal, structural, and 
rotordynamic design and analysis. An optimum design requires the considerations of all these 
design criteria. Both analytical analysis and FEM are used in electromagnetic design. Analytical 
analysis method is based on permanent magnet synchronous machine theory. It provides fast 
initial study of the machine parameters. FEM provides very accurate simulation results of the 
machine performances such as airgap flux density, back-EMF, and losses. So it is especially 
useful in the optimization.  
The rotor aspect ratio, which is defined as length over diameter, is an important 
parameter that is considered in the design process and optimization. A low rotor aspect ratio has 
high rotor stiffness, so it has high critical speed. However, large rotor diameter of the low aspect 















 The thermal design goal is to insure acceptable operating temperatures of components 
under all system operating conditions for optimum performance and high reliability. For low 
power motor, the temperature of the rotor is very critical since no additional cooling is provided 
for the rotor, mainly due to the small size of the rotor.  Optimization is an important step to 
obtain best motor performance based on the desired criteria. If the simulation results meet the 
requirements, the prototype can be built and then tested. Otherwise, the above procedures need to 
be repeated until the simulation results are satisfied.   
 





2.4 Motor Type and Structure Consideration  
Selection of motor type and its structure is based on the applications and requirements. 
Based on cost, robust and efficiency, each type of motor has its own advantages and 
disadvantages. For high-speed and super high-speed applications, many types of motors can be 
considered. (a) Induction motor (IM) is a low cost option. It is relatively easy to manufacture. 
However, the efficiency of conventional induction motor is relatively low at high-speed due to 
high iron loss in the rotor [2]. When it is scaled down in size and power, the efficiency will also 
reduce considerably [23]. (b) Switched reluctance motor (SRM) has high reliability due to its 
simple and robust rotor structure [2]. However, the core loss in the solid rotor is very large at 
super high-speed. Lamination of the rotor can reduce the core loss in the rotor. However, it is not 
recommended at super high-speeds since it will reduce critical speeds. (c) Wound-field 
synchronous motor (WFSM) is widely used in high power applications. It is not practical for 
high-speed applications since the mechanical contact of the slip rings and brushes are not reliable 
at high-speeds. (d) BLDC also has high power density, but since large harmonics of the back-
EMF introduces large iron loss at high-speeds, the efficiency will reduce at super high-speeds. 
(e) PMSM offers the advantage of high efficiency compared to other types of motors since there 
is no excitation power loss in the rotor, and low eddy current loss in the stator and rotor. 
Therefore, there is an increasing interest to consider PMSM for super high-speed applications.  
Synchronous motors are used predominantly where a constant speed is required that is 
independent of load torque and supply voltage. Mechanical position and speed are the respective 





of the rotor by 360 electrical degrees puts the rotor back in an identical magnetic orientation. The 
relationship between mechanical and electrical position and speed can be stated as 
me pθθ =                                                                (2.21)  
me pωω =                                                     (2.22) 
where eθ and mθ  are electrical and mechanical positions, respectively, eω  and mω  are electrical 
and mechanical frequencies, in rad/s,  respectively, and p is the number of magnetic pole pairs. 
The mechanical speed N in terms of revolutions per minute (rpm) can be stated as 
mN ωπ
30
=                                                                  (2.23) 
The stator core can be slotted or slotless according to requirements. Increasing the slot 
area means increasing the conduct area, and copper loss, also called ohmic loss, will reduce for 
the same applied current. However, if the motor size is fixed, increasing the slot area means 
reducing the teeth area, so the magnetic permeance will reduce due to saturation. The alternation 
of slots and teeth along the airgap of electric machines is a compromise solution to the conflict 
between magnetic permeance and electric conductance. The slotted machines have higher torque 
density than the slotless machines, but slotless machines have higher efficiency in the higher 
speed range. Slotting also has some other disadvantages [24]: (a) The iron surface along the 
airgap is no longer smooth, but interrupted by zones of high reluctance; (b) The MMF across the 
airgap is not changing smoothly in the peripheral direction, but instead of in steps; (c) It will 
cause saturation phenomena in the leakage fields near the airgap; (d) Slots introduce a low limit 





for magnetic, mechanical, and manufacturing reasons. 
There is an abundance of literature reported on undesirable harmonics in voltage and 
current, on additional losses affecting the conversion efficiency and the machine temperature, on 
parasitic torques causing cogging at standstill and crawling at low speed of cage induction 
motors, on bearing currents, on radial and torsional vibrations, and on noise problems.  For many 
of these phenomena, a common cause is the slotting of the core. 
The skewing of slots, or of salient poles, has been used against harmful slot effects. 
However, it can only reduce effect, but does not take away the cause. Skew makes the machine 
asymmetric in the axial direction, and that it is possibly the cause of more other losses, parasitic 
forces, and noise. 
For high power density motor, the use of high BH-product magnets is necessary, so the 
magnetic saturation in the slot teeth becomes serious. Therefore, improvement of power density 
of the motor is limited. Though these problems can be solved through designing wide-slot teeth, 
it leads to decreased power density of the motor because the MMF of the windings decreases.  
Thus, for high efficiency, the slotless permanent magnet (PM) motor is one of viable solution to 
overcome these problems. The slotless PM motor construction eliminates the magnetic saturation 
and iron loss in the stator teeth and therefore, high efficiency can be expected [25]. The major 
disadvantages of the slotless motor are that the power density is low, and the thermal 
conductivity between the winding and stator is low. Slotless design is not practical for high 
power machine design. 





permanent magnet (PM) motor has simple structure. It has relatively high efficiency and low 
cost, so the machine can be used in the applications that require high power and torque density, 
high efficiency and low noise with the use of high BH-product rare-earth magnetic materials 
[26]. Axial flux PM motor can provide higher electromagnetic torque than radial-flux motor 
when the structure is flat and with high number of poles [27]. Axial flux motors with multi-poles 
and multi-stages are superior in terms of the torque density to the equivalent standard radial-flux 
PM motors [28]. Axial-flux PM motor has high power density than traditional induction motor 
by using high BH-production rare-earth magnetic materials and the degree of improvement could 
reach a factor of three. Even using the low cost ferrite magnets, the power density can still be 
increased by a factor of two [29]. However, the major disadvantage of axial-flux motor is that it 
requires larger diameter than radial-flux motor for the same output power, which makes it 
unsuitable for super high-speed applications due to critical speeds. 
2.5 Losses in PMSM 
Materials used in an electric machine may be grouped into [30]: (a) soft magnetic 
materials, (b) electrical conducting materials, (c) insulating materials, and (d) permanent 
magnets. The loss varies significantly for different materials in different conditions. 
2.5.1 Iron Loss 





material for this purpose is one exhibiting the highest possible permeability and saturation flux 
density, and the lowest possible core loss or iron loss. 
The core loss or iron loss produced in a magnetic material operating in an alternating 
magnetizing field is generally separated into two components: hysteresis loss, and eddy current 
loss. 
2.5.1.1 Hysteresis Loss 
Hysteresis loss is due to a form of intermolecular friction when a variable magnetic field 
is applied to the magnetic material. The loss per cycle is proportional to the area enclosed by the 
hysteresis loop on the B-H characteristics of the material. The hysteresis loss increases with the 
maximum magnetic field as is illustrated in Figure 9. 
The empirical formula expressing the hysteresis loss (Ph, W/m3) in terms of the 
maximum flux density (B, T) and frequency (f, Hz) was developed by Steinmetz [30] as follows 
fBP nh η=                                                                   (2.24) 
where η is a material constant and n is an exponent which has a value between 1.6 and 2.0.  The 
loss is closely related to the coercivity, and processing of materials to reduce coercivity also 
reduces hysteresis loss. 
2.5.1.2 Eddy Current Loss 





of a conducting material when it is subjected to alternating magnetic field. These eddy currents 
produce power that is dissipated as heat. The eddy current loss (Pe, W/m3), at frequencies which 
are low enough for the inductive effects to be neglected, is given by the general equation [30] 
ρβ
π 2222 ftBPe =                                                                     (2.25) 
where t is the thickness of the material (m), ρ is the resistivity of the material (Ω⋅m) and β is a 
coefficient that is related to the geometric structure.  
 
 
Figure 9 Family of hysteresis loops. 
 
Soft magnetic materials employed in electric machines are, ideally, required to have high 
permeability in order to reduce the reluctance of the magnetic circuit, high saturation flux density 





impossible to optimize all of these properties in a single material. This is because there are a 
large number of factors that affect magnetic properties (chemical composition, mechanical 
treatment and thermal treatment are the most important), and a conflict exists between obtaining 
low losses and high permeability. To reduce core loss, that is to suppress the unwanted electrical 
conductivity, the core section is subdivided. The subdivision in machines and transformers is 
mostly realized by a laminated core, which is built up from thin sheets. 
Besides the laminated core, there are also two alternative materials [31]: (a) amorphous 
materials, instead of the poly-crystalline structure, have very low hysteresis and eddy-current 
losses. Amorphous metals are produced by rapid cooling of alloys consisting of iron, nickel and 
/or cobalt together with one or more of the following metalloids which is an element or 
compound exhibiting both metallic and non-metallic properties: boron, silicon and carbon; and 
(b) powder materials (such as grain-oriented electrical steels), which, in spite of a rather low 
resulting core permeance, may be attractive for high-frequency applications, and also on account 
of effective damping of vibrations.  
Hysteresis loss and eddy current loss are both related to the frequency. If the current 
distortion is so significant that results in very high frequency harmonics, the skin effect should 
also be considered [32].   
Eddy current loss can also be divided into classical eddy current loss and excess eddy 
current loss. Therefore, at a given frequency, the core loss for electrical steel can be calculated 
from [33], [34]: 





where Kh, Kc  and Ke are the coefficients of hysteresis loss, classical eddy current loss, and excess 
eddy current loss, respectively; Bp is the peak flux density. The coefficients can be found by 
measuring the loss of the sample or using curve fitting by a least square method [35].  
When the core is magnetized by nonsinusoidal magnetic field, the distorted excitation, 
which can be represented by higher order harmonics, has to be considered [36], [37]. When 
under rotational magnetic field condition, the calculation methods are discussed in [38], [39]. 
The finite element method is also widely used to directly simulate the core loss [40], [41]. 
2.5.2 Copper Loss 
Copper loss is the loss due to the current going through the conductors. The copper loss 
consists of I2R loss and eddy current loss. The I2R loss is given by 
RImPc
2
1=                                                      (2.27)                         
where m1  is  the number of phases, I  is the armature current, and R is the armature resistance. 
The I2R loss can be very large when large current flows through the conductor with large 
ohmic resistance.  Recently, high temperature super conducting materials are frequently used in 
some high current and high power machines to reduce the I2R loss [5]. 
The eddy current loss comes from: (a) skin effect resulting from the same source 
conductors, and (b) proximity effect resulting from the motion of the DC magnetic flux, such as 
permanent magnet.  










=                                                                  (2.28) 
where ω is the angular frequency of the radiation and σ is the electrical conductivity of the 
conducting material. This distance is referred to as the skin depth of the conductor. The skin 
effect is caused by electromagnetic induction in the conducting material which opposes the 
currents set up by the wave E-field. 
When the electrical frequency is very low, and skin depth is much larger than the radius 
of the copper wire, the skin effect can be ignored. For high-speed slotless motor, the main source 
of eddy current loss comes from proximity effect caused by the rotation of permanent magnet.   
The eddy current loss per volume for round wire can be calculated based on the following 
equation [42] 
                                                                  (2.29) ρω 32/222 dBP PE =
where Bp is the peak flux density, ω is the electrical angular frequency, d is the wire diameter,  
and ρ is the wire resistivity.                                                                                 
2.5.3 Windage Loss 
Windage is the term generally used to denote the loss due to fluid drag on a rotating 
body. For the motor at low-speed and without the cooling fan, windage losses are not significant. 





accurate prediction and reduction of windage loss are becoming more and more important with 
the growing development of high-speed machinery. Prediction of windage losses is now an 
essential part of the design process for high-speed machinery. Not only is the loss itself 
important in terms of maximizing efficiency, but also the heat generated by the loss can cause 
overheating problems. Some studies have been made to calculate the windage loss [43]-[46]. 








πµω                                                            (2.30) 
where µ is the viscosity of the air which is equal to 2.08 × 10-5 kg/m.s at room temperature, ωr is 
the rotor angle speed, Lg is the physical airgap length, Ro is the shaft outer radius, and Ri is the 
shaft inner radius. 
 The windage loss of radial flux motor is given by [46] 
LrCP airdWR
43ωπρ=                                                 (2.31) 
where Cd is the drag coefficient, ρair is the air density,ω is the rotor angular velocity, r is the 
rotor radius,  and L is the length of the rotor. The Reynolds number is defined as 
µρω /airge rlR ×=                                                          (2.32)   
where lg is the air gap length,  and µ is the air viscosity. The Taylor Number is defined as 
  ( ) 5.0/ rlRT gea =                                                         (2.33) 
When Ta >> 400, it will have turbulence behavior, and the drag coefficient is given by 





2.6 Analysis and Sizing 
The magnetic flux can be analyzed using lumped element model. The instantaneous 
magnetic flux for some specific motors can also be calculated analytically [47]-[50].  
Sizing equations are often used to assist in the design of electric machinery.  V. B. 
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where P is the output power, ns is the machine mechanical angular speed, D0 is the stator outer 
diameter, Le is the  core length, Dr is the rotor diameter, and 0ξ , rξ , 0ξ ′ , rξ ′  are coefficients that 
contain the useful information regarding the machine structure. The purpose of sizing is to 
maximum these coefficients to get maximum power to speed ratio. The equation has been 
used for decades to size electric machinery. However, it does not consider several key factors 
such as slot and tooth dimensions, flux densities in the iron parts. The approach provides 
many relations between physical dimensions and density-like quantities and is well adapted to 
produce a design that is geometrically compatible from the start. and equations, 














General purpose sizing equations for both axial-flux and radial-flux PM machines were 
also developed in [52], [53]. These sizing equations can provide very basic sizing for the 
machine design.  These equations, which are adjustable for different topologies and different 
machines, can take into account different waveforms and machine characteristics. To determine 
the motor dimensions in more details, a set of sizing equations considering our specific motor 
structure have been developed in the dissertation.  
The cross section of a developed radial-flux slotless two-pole motor with round 
permanent magnet is shown in Figure 10, where Dm is the diameter of round permanent magnet, 
Dw is the inner diameter of winding area, Dg is the average diameter of winding area, and Di and 
Do are the inner and outer diameter of stator, respectively.  
For space vector PWM control, the maximum phase voltage (Vrmsmax) that the space 
vector PWM inverter can provide is given by 
6max Busrms VV =                                                      (2.39) 
where Vbus is the DC bus voltage. The designed back EMF of the machine should be equal to 
Vrmsmax or less if reactors are used. 
If stator leakage inductance and resistance are neglected, the output power is given by 
rmsrms IEmP )cos(1 θη=                                                (2.40) 
where η is the efficiency, m1 is the number of phases, cos(θ) is the power factor, Erms is the 






Figure 10 Cross section of a radial flux slotless two-pole motor with round permanent 
magnet 
 
In order to calculate peak airgap flux density, a narrow bar of magnetic path with the 
angle of θ is considered. Based on the definition, the reluctance of the airgap and permanent 












=                                                                 (2.42) 
where L is the length of stator and µrm is the relative permeability of the permanent magnet. If the 
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=                                                            (2.45)          
The flux linkage each pole is written as                              
           gpkgpole BLD=φ                                                              (2.46) 
So the induced back EMF can be stated as  
LDBkfNkfNE ggpkwphpolewphrms πφπ 22 ==                                        (2.47) 

















π                                         (2.48) 
where Np is the number of parallel coils, kcu is the copper filling factor, Jcu is the current density, 
Nph is the number of turns for each coil, and m1 is the number of phases.  
The inner diameter of the winding area can be expressed as 
shaftmw TgDD 22 ++=                                                     (2.49) 





















=                    (2.50) 
2.7 FEM Simulation of PMSM   
Sizing equations can be used to determine the dimensions of the motor. They can also be 
used on the size optimization to provide best power density. However, since these equations 
cannot project the motor performance, especially at super high-speeds, for best performance, 
more accurate FEM should be used to calculate motor performance and optimize dimensions.  
2.7.1 Calculation of Inductance 
An inductor is an energy storage device whose presence is manifested by the magnetic 
flux produced by current flow. The inductance is defined as 
0I
L Λ=                                                                           (2.51) 
where Λ is themagnetic flux linkage, and  I0   is the current that produces the magnetic flux. 
Inductance can be sorted as self-inductance and mutual-inductance. For self- inductance, 
the magnetic flux linkage is produced by itself. While for mutual-inductance, the magnetic flux 
linkage under consideration is produced by the other.  
Figure 11 shows a double excited magnetic structure as an example. The magnetic flux 











                                                                      (2.52) 
where 11φ  is the flux going through coil1 which generated by current I1, 
           12φ  is the flux going through coil1 which generated by current I2, 
           21φ  is the flux going through coil2 which generated by current I1, and 
     22φ is the flux going through coil2 which generated by current I2.
 
Figure 11 A double excited magnetic structure. 
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Some simplified analytical methods to calculate inductances for some kind of motors can be 
found in [54]-[58]. 
Magnetic flux and energy approaches can be used to calculate the motor phase self- 
inductances (including airgap inductance and leakage inductance), and mutual inductances. For 
PMSM, to simplify the calculation, the stator is assumed to be without high saturation. So the 
permanent magnets are replaced by dummy materials having same permeability. Magnetic flux 
approach is an inductance calculation method that directly applies the inductance definition 
(2.51). The flux linkage can be calculated as 
∫ ⋅==Λ s dNN aBφ                                                               (2.56) 
where N is the number of turns per coil,  s is the considered area, and B is the flux density. Flux 
linkage can also be calculated by a line integral of vector potential A along the boundary of the 
area. For 2-D FEM, the flux is calculated by 
)( 21 AAl −=φ                                                                  (2.57) 
Where l is the core length or machine depth, and A1 and A2 are the magnetic potentials at the two 
points where the boundary intersects the 2-D finite-element plane. For windings with a non-
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To derive energy approach, assuming the inductance will not change with the applied 
current within the considered range, that is, there is no saturation and the energy and co-energy 
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1 iiLiLiLW ++=                                                     (2.60) 
The energy W can be simulated using FEM. Therefore, self- and mutual inductances can be 
calculated by running the FEM for several times with different currents.  
2.7.2 Back-EMF Analysis and Simulation 
The conductors under the rotating magnetic field generate induced voltage, which is 
called back-EMF. Many methods can be used to calculate the back-EMF of a motor [59].  The 
following equation is a widely used method to calculate back-EMF  




=                                                                (2.61) 
where  f  is the electrical frequency, kw   is the winding factor,  n is the number of serial coils per 
























d                                                                 (2.63) 
and N is the mechanical speed in rpm. 
2.7.3 Torque Simulation  
 The torque on an object can be calculated using virtual work principles. The torque on 
the rotor about the axis of the rotation is given by the following relationship 








θ                                                       (2.64) 
where ),( iW θ  is the magnetic co-energy of the system and the current i is held constant. Field-
oriented currents are applied to the phase winding to simulate torque. For fractural winding, to 
accurately simulate torque, it is necessary to model the fractional winding as accurate as 
possible.  
The operation of electric motors depends on the forces or torques that act upon either 
current carrying conductors or permanent magnet parts. It is essential in electric machine design 
to calculate the force or torque as accurately as possible. To calculate the force or torque in an 
electromagnetic device by FEM, the virtual work and the Maxwell stress tensor are two basic 





taking the partial derivative of the total energy or co-energy against the virtual displacement. The 
Coulomb virtual work method computes the force or torque on a moving structure by direct, 
closed form differentiation of the magnetic energy or co-energy of the field in the air gap 
between the movable and the fixed parts of the system under consideration. The Maxwell stress 
tensor method calculates the force or torque from the magnetic field distribution by adding up 
the force or torque over a surface or path in the air enclosing the part of interest. The 
improvement of these methods can also be found in the literature [60]. 
Ansoft Maxwell 2D/3D is one of popular tools to simulate electromagnetic torque and 
other performances. Since the torque calculation is very time consuming, a suitable model that is 
accurate enough and not so time consuming needs to be developed. 
2.7.4 Transient Simulation  
To accurately simulate the dynamic behavior of the motor, including copper loss and core 
loss, transient time-stepping solver with motion can be used. The equation dealing with coupled 
time varying electric and magnetic fields is [61], [62] 
AvHVtAJA cs ×∇×+×∇+∇−∂∂−=×∇×∇ σσσν )/(                        (2.65) 
where v is the velocity of the moving parts, A is the magnetic vector potential, t is the time, V is 
the electric scalar potential, Js is the current source density, Hc is the coercivity of the permanent 





2.8 Optimization and Tradeoffs 
Optimization is important in motor design to get better performance such as optimal 
efficiency, minimizing volume, or minimizing pulsating torque for slotted motor. Many methods 
have been used for optimization. The boundary search along active constraints method and the 
Han-Powell method are compared and studied [63]. Chaotic theory is used for the motor design 
optimization in [64]. Fuzzy optimization technique is used to optimize the motor drive in [65]. 
Recently, genetic algorithm has been widely used for electromagnetic topology optimization 
[66]. Optimization of one parameter may worse other parameters. Some tradeoffs need to be 
considered in optimization.  
2.9 PMSM Test  
The motor test is very important for the optimization of the design. Many literatures give 
the procedures for the test of motor performances and parameters [67]-[70]. Spin down, steady 
state, and load tests are widely used to measure efficiency and predict losses.  
2.9.1 Spin-Down Test 
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rotation because of the friction and windage, Tmech is the externally applied mechanical torque in 
the direction of the rotor speed, and  J is the  rotor inertia.
Spin-down test is a method to test the damping torque. When the motor is free spinning 
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By measuring the initial speed versus time duration of the rotor from the initial speed to fully 
stop, the damping torque can be calculated. When performing spin-down test, any armature 
electrical loops should be disconnected to ensure that the motor is spinning down freely without 
any braking effect.  
The moment of inertia, which is also called rotational inertia, is the resistance to any 
change in rotation of a body.  It is defined as 





where r is the distance of the mass element dm from the axis of rotation.  For a system of point 
masses, this becomes 
∑= i ii rmJ 2                                                         (2.69)
where ri is the distance of the ith mass from the axis of rotation. Hence, to evaluate the moment of 
inertia for an object, one would either do a calculation of the integral over the shape of the 





2.9.2 Free Spin Test  
In steady state, we have  
0=
dt
d rω                                                              (2.70) 
If no load is applied, Tmech is equal to zero. Thus, we have 
dampem TT =                                                            (2.71) 









=                                               (2.72)
where Pin is the input power, Pcu is the copper loss of the winding, Piron is the iron losses in the 
stator and rotor, and ωr is the mechanical angular frequency of the rotor. 
2.9.3 Load Test 
The motor efficiency can be tested by coupling two identical motors, where one machine 
is used as a motor and the other as a generator. Figure 12 shows the load test circuitry with 
rectifiers, where the resistor is used as electrical DC power load. Due to rectifier circuits, the 
phase currents of the generator are not sinusoidal. The load test circuitry without rectifiers is 
shown in Figure 13, where three identical power resistors are used as AC loads. In that case, the 
currents of the generator are sinusoidal. 
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where Vm  is the phase voltage amplitude, Im is the phase current amplitude, and )cos(θ  is the 
power factor. Because the terminal neutral may not accessible in most 3-phase motors, input 
power to the motor can be derived based on phase to phase voltage as  
)sin()(3 θacbin IVVP −=                                                           (2.75) 
Given high efficiencies of the motor and generator, they will have nearly the same efficiencies 
which are expressed as 
inout PP /=η                                                                  (2.76) 






Figure 12 Motor load test circuitry with rectifiers. 
 
 





CHAPTER THREE: DESIGN AND MODIFICATION OF AN AXIAL-FLUX 
PMSM 
3.1 Introduction 
In this chapter, the design, simulation, test, and modification of an axial-flux surface 
mounted PMSM are presented. The designed motor will be used to drive a cryocooler. Axial-flux 
motors have been widely used for high torque and low speed applications. For high-speed 
applications, there are also some reports [71]-[73]. Axial-flux PMSM is attractive because it can 
be easily integrated to the compressor impellers. This was the main reason for the research work 
that was focused on this type of motor. Our preliminary research on it can be found in [74]. 
The basic specifications of the designed axial-flux PMSM are shown in Table 1. The 
structure of the axial-flux PMSM and the optimization of the rotor structure are presented. The 
optimization is based on minimizing the harmonics of the airgap flux density. Modeling of the 
complicated fractional winding is also provided. 3-D FEM simulations of the back-EMF, torque 
and torque ripple are performed. The experimental results of the back-EMF are verified with 
simulation results. The axial-flux PMSM was built based on the design. It was tested using an 
open loop driving circuit with low-pass filters. The waveforms of the phase current and voltage 
after low-pass filters are also presented. The bearing loss is calculated separating from the total 
loss.  Finally, the advantages and disadvantages of this type of motor are discussed, and further 









Table 1 Specifications of the axial-flux PMSM. 
Maximum speed (rpm) 100,000 
Rated speed (rpm) 50,000 
Rated output power (W) 100 
Supplied DC voltage (V) 28 
Rotor diameter (mm) 54.6 
3.2 Structure and Design Considerations 
Figure 14 shows the structure of the designed axial-flux PMSM. The motor configuration 
was realized through a single rotor and a single stator. The stator core was slotless, and epoxy 
bonding was used to securely attach the winding on the surface of the stator back iron that was 
made from sintered metal powder. Four axially magnetized permanent magnets were mounted on 
the back of the rotor as shown in Figure 15. The permanent magnets were made of Neodymium-
Iron-Boron (Nd-Fe-B) to provide high energy density. A carbon ring was used to hold the 
permanent magnets against the centrifugal force when the rotor operates at high speeds. Steel 
ball bearings were used and lubricated with grease. 
Although the axial-flux PMSM with sandwich structure, that is one with two external 
stators and one internal rotor, or with two external rotors and one internal toroidal stator, is 
commonly used, the axial-flux structure with single stator and single rotor can be easily 
integrated directly with the compressor impellers since the rotor back iron is a flat disc. This 
results in reduced components and therefore the entire system is much small and light for the 
same power level.  
 









The stator core is slotless and the windings were attached to the surface of the stator core 
as shown in Figure 16 (a) and (b). Two-layer simplex lap winding was used [78]. Due to low 
voltage and high current requirements, the windings were connected in parallel as shown in 
Figure 17. Each phase has 4 groups of windings in parallel. Each group has 7 coils and each coil 
has one turn. 
   
(a)                                                              (b) 
Figure 16 Winding structure: (a) winding of one group with 7 turns in the group, and (b) actual 
winding with a total of 84 turns. 
3.3 Analytical Analyses  
Magnetic flux densities in the airgap, stator iron and rotor back iron can be estimated by 
using one-dimensional lumped magnetic circuits. It is a simple and fast way although not as 
accurate as FEM. Lumped magnetic circuit method is very difficult for precise analysis of 





obtained. However, the permeance estimation of some typical configurations is available in the 
literature [79]. Some analytical calculations for specific motors, which are based on FEM to 
develop the analytical equations, are also available [80]. 
 
 
Figure 17 Parallel winding connections. 
 
Figure 18 shows the magnetic flux orientation of the axial flux PMSM. The 
corresponding lumped magnetic circuit can be developed as shown in Figure 19, where the 
symbols are as follow 
 Rs  and Rr  are relative reluctances of stator iron and  rotor iron, 
)/( rmaxmm ALR µ⋅=  is the relative reluctance of permanent magnet, 












rφ  is the magnet flux source, and 
rφ , mφ , uφ , and lkφ  are magnet flux, useful flux and leakage flux, respectively. 
Here, Laxm is the magnet axial length, Lg is the effective magnetic air gap, Am is the magnet area, 
Ag   is the air gap area per pole, µr is the relative permeability of magnet, and ELF is the estimated 
leakage factor. 
 
Figure 18 Magnetic flux orientations in the motor 
 
 









Compared to airgap reluctance (Rg), the reluctance of stator iron (Rs) and rotor iron (Rr) 
are much smaller, so they can be eliminated. By combining the two series magnet models, the 
circuit model can be simplified and leads to Figure 20. 
 
 
Figure 20 Simplified magnetic circuit model. 
 















= φφ                                                          (3.2) 
and the flux densities in the airgap (Bg), stator back iron (Bsi), and rotor back iron (Bri) are 
calculated as  
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=                                                                 (3.5) 
where Asi and Ari are the area of stator back iron and rotor back iron, respectively.  
The torque (T ) and peak back-EMF (emax) are expressed as [81] 
)( 22 iotppgpdm RRiNBkkNT −=                                                       (3.6) 
miotppgpdm RRNBkkNe ω)(
22
max −=                                                   (3.7) 
where Nm is the number of poles, kd is the winding distribution factor, kp is the winding pitch 
factor, Ntpp is the number of turns per pole per phase, i is the peak phase current, ωm is the rotor 
mechanical angular frequency, Ro is the outer radius of the coil, and Ri is the inner radius of the 
coil.  Appendix A shows the analytical analysis of the axial-flux PMSM in detail. 
3.4 FEM Simulation of the Axial-Flux PMSM 
The rotor structure is crucial for motor performance. The length and width of magnets, 
and   magnetic gap (the distance between stator back iron surface and rotor magnet surface) need 
to be carefully adjusted to meet the back-EMF requirements. Also the above parameters need 
adjustment to minimize the harmonics of the airgap flux density, in order to reduce iron loss at 





3.4.1 Simulation and Optimization of Magnetic Flux Distributions 
To accurately get the flux density distributions, it is necessary to use some numerical 
methods. FEM is one of very powerful numerical methods to do electromagnetic analysis. For 
FEM simulation, to make the simulation accurate and fast, it is very important to construct an 
effective simulation model. Figure 21 shows the FEM simulation model that has been developed 
for the simulation of flux density using magnetostatic solver. Because of the symmetrical 
structure, only quarter of the structure is required. The shaft, casing and magnet keeper are not 
included in this model since their permeability is close to one, and no loss is considered for 
magnetostatic solver.  
 
Figure 21 FEM simulation model to calculate flux density. 
 
 Figure 22 (a) shows the flux density distribution in the airgap for different magnetic gaps 





permanent magnet is adjusted to keep the same peak flux density. Figure 22 (b) shows the 
corresponding normalized harmonics.  From  Figure 22 (b), it can be seen that increasing the 
magnetic gap reduces the harmonics so that the eddy current loss decreases in the stator. 
However, the large magnetic gap will reduce the magnetic coupling. Therefore, magnet length 
needs to be increased to keep the same peak flux density for the same output power. This will 
cause a reduced power to volume ratio. Large airgap also increases the flux leakage. Hence, there 
is a tradeoff between the power to volume ratio and harmonics reduction. The magnetic gap of 
1.4 mm was used in the prototype design. 
Figure 23 (a) shows the airgap flux density for pole pitch from 0.5 to 0.9 with the 
magnetic gap Lg of 1.4 mm, and Figure 23 (b) shows the corresponding normalized harmonics. It 
can be seen that the pole pitch affects the airgap flux density distribution significantly. Increase 
in pole pitch will increase the flux density of the back iron. The peak flux density of the one with 
larger pole pitch will be lower due to high saturation in the rotor back iron. It is found that the 
lowest value of overall harmonics is realized when pole pitch is equal to 0.7. 
Beveling of permanent magnets edges reduces the slope of the airgap flux density, 
causing reduced harmonics. For small motor, the screw holes in the rotor iron as shown in Figure 
15, also affects airgap flux density significantly since the flux will be easily saturated around the 
holes. Simulation results show that the beveling reduces harmonics of the airgap flux density 





























































Figure 22 (a) airgap flux densities vs. angle for different magnetic gap Lg, where the thickness of 


































































Figure 23 (a) airgap flux densities for different pole pitch when magnetic gap Lg is 1.4 mm, and 





3.4.2 Simulation of Electromagnetic Torque 
The electromagnetic torque was simulated based on (2.64). To simulate torque, currents 
are applied in the windings, so it is necessary to model the fractional windings accurately. Figure 
24 shows the FEM model to simulate torque. 
 
 
Figure 24 FEM simulation model with fractional winding. 
 
In FEM simulation of the slotless PMSM, distributed windings are difficult to model. 
However, it is very critical for accurate simulation. Conventional current sheet method is not 
accurate enough for high performance simulation. In this simulation, multi-terminal coil is used 
to model fractional windings. The motor has three-phase and four-pole. The four coils of each 
phase are connected in parallel in order to reduce DC bus voltage for low voltage applications. 





multi-terminal coil, where two-layer winding is modeled in one-layer and the current in each 
branch is equal to that of two coils. The branch currents are determined according to the 
arrangement of the winding described in Table 2.    
According to Table 2, the current in each branch I(1), I(2), ..., I(84)  can be represented 
using phase currents Ia, Ib, and Ic as 
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                                                    (3.9) 
The torque constant was simulated to be 0.004 N.m/A. Toque ripple is very low and can 
be ignored because of the slotless design.  
Table 2 Three-phase and four-pole windings arrangement. 
Coil number Phase Branches of 7 turns 
1   a  1-16,  2-17, …,    7-22 
2 -c  8-23,  9-24, …,  14-29 
3   b 15-30, 16-31, …, 21-36 
4 -a 22-37, 23-38, …, 28-43 
5   c 29-44, 30-45, …, 35-50 
6 -b 36-51, 37-52, …, 42-57 
7  a 43-58, 44-59, …, 49-64 
8 -c 50-65, 51-66, …, 56-71 
9  b 57-72, 58-73, …, 63-78 
10 -a 64-79, 65-80, …, 70- 1 
11  c 71-  2, 72- 3, …, 77- 8 
12 -b 78- 9, 79-10, …, 84-15 
 
3.4.3 Simulation of Back-EMF  





rotating magnetic field due to the variation of the flux linked with the winding. The following 













deb −=−=−=                                                    (3.10) 
where ω is the frequency of rotation, λ is the flux linkage of the winding, and θ is the rotor angle.  
Figure 26 shows the simulated and measured back-EMF voltage waveforms at 50,000 rpm. The 
simulated and measured results agree very well.   
 
Figure 26 Simulated and measured back EMF at 50,000 rpm. 
3.4.4 Inductances Analysis 





saturation. Therefore, the permanent magnets are replaced by dummy materials that have the 
same permeability. Flux and energy approaches were used to calculate the motor phase self-
inductances (including airgap inductance and leakage inductance), and mutual inductances. 
Flux approach is an inductance calculation method that directly applies the inductance 
definition, that is, by calculating the flux linkage to get the inductance. Figure 5.15 shows flux 
density distribution caused by the phase current (20 A sheet current is equal to 2.86 A phase 
current).   
 
Figure 5.15 Flux density distribution: (a) apply 20 A sheet current in each group of phase a, and 
(b) apply 20 A sheet current in each group of phase a & b. 
 
To derive energy approach, it is assumed that the inductance will not change with the 
applied current within the considered range, that is, the energy and coenergy are the same. The 
energy can be simulated using FEM. So according to (2.60), inductances can be calculated based 






1121 /2 iWLL == ; b) Applying arbitrary phase current i1 and i2 to get the corresponding energy 
W12,  mutual-inductances are calculated as )/()2( 21121221 iiWWLL −== . Table 3 shows the 
calculated self- and mutual-inductances, and the measured results. From the table, it can be seen 
that the energy approach is more accurate than flux approach.  









Self-Inductance (uH) 1.37 1.64 1.8 1.6 
Mutual-Inductance (uH) -0.662 -0.647 N/A N/A 
 
3.4.5 Simulation of Rotor Stress 
The mechanical stresses are also important issues that need to be considered in the rotor 
design. The carbon fiber ring with the thickness of 3.8 mm was used to radially hold the magnets 
against the centrifugal force. Figure 27 shows the simulated stress distribution in the Titanium 
rotor when rotating at 100,000 rpm. Maximum tensile stress is about 105 ksi when ignoring the 
stress concentrations. It is still less than 140 ksi, the Youth Module of the Titanium grade. Figure 
28 shows the simulated stress in the carbon ring when rotating at 100,000 rpm. It can be seen that 
the maximum tensile stress is about 195 ksi, which is much lower that 400 ksi, the Youth 
Module of carbon filter ring. Therefore, simulation results show that the carbon fiber ring and 






Figure 27. Simulated stress in the rotor steel when rotating at 100,000 rpm. 
 
 





3.5 Axial-Flux Slotless PMSM Drive and Test 
3.5.1 Slotless PMSM Drive  
The motor control was realized by using TI DSP 2407A. Since the phase inductance is 
very low for slotless PMSM as shown in Table 3, low-pass filters were connected to remove the 
harmonics of switching frequency of space vector PWM. The schematic of the space vector 
PWM drive with low-pass filter is shown in Figure 29. The values of the inductors were 
carefully adjusted through experiments to get better performance. Too large inductance values 
make the control unstable and also reduce power factor while too small values introduce more 
losses due to the harmonics. 
 





Figure 30 shows the measured drive voltage and current waveforms when the speed is 
50,000 rpm. Phase a and phase c voltages were measured between low-pass filter output and 
ground. They are slightly different from the space vector PWM output due to low-pass filters. 
However, since the phase winding are Y connected and the neutral terminal of the motor is 
floating, the phase-to-phase voltage and phase current have very low harmonics.  
 
Figure 30 Current and voltage waveforms when the speed is 50,000 rpm. 
3.5.2 Spin-Down Test 
Spin-down test was performed to measure the fixed loss vs. motor speed. Based on 
(2.67), the damping power can be found to be  
dt
dJTP rrrdampdamp





Figure 31shows the tested spin down time vs. speed. Based on these data, the motor 
damping power vs. speed is calculated as shown in Figure 32. It can be seen that the damping 
power at 50,000 rpm is 48 W. So with 100 W shaft output power, the motor efficiency at 50,000 
rpm will be less than 67% even ignoring all other losses.  
 
Figure 31 Tested spin down time vs. motor speed. 
3.5.3 Load Test  
The load test was performed by coupling motor and generator as discussed in Chapter 2. 
The test results show that the total loss is 65 W at 50,000 rpm with 100 W output. So the 
efficiency at 50,000 rpm is about 60 % when output shaft power is 100 W. The efficiency is 







Figure 32 Calculated damping power vs. motor speed. 
3.5.4 Separation of Losses 
The main sources of the losses are copper loss in the winding, iron loss in the stator, 
windage loss, and bearing loss. The eddy current loss in the permanent magnets and rotor back 
iron can be ignored in this slotless structure. At 50,000 rpm with 100 W output, the copper loss 
including eddy current loss, which was calculated based on (2.29), was about 8 W.  Based on the 
manufacturer’s data sheet, the iron loss is calculated to be 9.8 W.  The estimated windage loss 
(PW), which is calculated from (2.30), is only 1.6 W. Therefore, the bearing loss, which is the 
total loss minus copper loss, iron loss and windage loss, is found to be 45.6 W. 
In order to separate and verify the bearing loss, and also to increase the efficiency, we 





motor, which has the same structure but the permanent magnets are replaced with dummy 
materials having the same density, was used and the following two steps were performed:  
(a) Testing with coupled two identical motors 
When two motors are coupled together (one as motor and the other as generator), the 
input electromagnetic power will be 
 )()( 1111 mgemmegmine PPPPPPP +++=+=                                      (3.12) 
where Pine1 is the input electromagnetic power, Pm1 is the power consumed in the motor,  Pg1 is  
the power consumed in the generator, Pme1 is  the electromagnetic loss in the motor, Pm  is the 
mechanical loss, and Pge is the electromagnetic loss in the generator.        
(b) Replacing the rotor in generator with damper rotor and testing again 
The mechanical loss of the damping motor is the same as the generator in first step but 
there is no iron loss. So the input electromagnetic power is 
      mmmegmine PPPPPP ++=+= )( 2222                                          (3.13) 
where Pine2  is the input electromagnetic power,  Pm2 is the power consumed in the motor,  Pg2  is 
the power consumed by the damper motor, and Pme2 is the electromagnetic loss in the motor. 
Supposing Pme1 is equal to Pme2, the electromagnetic loss Pge due to the rotor permanent magnets 
is calculated to be  
21 ineinege PPP −=                                                           (3.14) 
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The mechanical loss Pm includes bearing loss and windage loss. To accurately separate the 
windage loss, the motor has to be kept under vacuum environment.  
The bearing loss can be separated from damping power by subtracting windage loss, iron 
loss, and eddy current loss in the winding. The following spin-down tests were performed in this 
research: a) spin down test of the designed axial flux PMSM, b) spin down test of the designed 
axial-flux PMSM coupled with the damping motor, and c) spin down test of another PMSM with 
larger magnetic airgap (Lg=3.3 mm).  
Figure 33 shows the tested spin down time vs. speed. Applying (3.11), the damping 
powers of the PMSM, the PMSM coupled with the damping motor, and the large gap PMSM are 
obtained as shown in Figure 34 (a). Ignoring the coupling loss, the damping power of the 
damping motor, which is also shown in Figure 34 (a), is obtained by subtracting the damping 
power of the PMSM from the damping power of PMSM coupled with the damping motor. By 
subtracting the corresponding iron loss, eddy current loss in the winding and windage loss from 
the damping power, the bearing loss of the designed PMSM and that of the PMSM with larger 
airgap can be separated. The bearing loss of the damping motor is obtained by subtracting the 
windage loss from the damping power. The results are shown in Figure 34 (b). For these three 
cases, the damping motor has the lowest bearing loss since there is no axial force for the 
damping motor [82]. From 3-D FEM simulations, the axial force applied on each bearing of the 
designed PMSM and the PMSM with larger airgap were simulated and found to be 69.5 N and 





than the designed PMSM. When the speed is above 50,000 rpm, the coupler is not so effective, 
and coupling loss increases dramatically. Since the coupling loss was ignored when separating 
the damping power of the damping motor from that of the PMSM coupled with the damping 
motor, the separated bearing loss of the damping motor is the combination of the bearing loss 
and coupling loss. So it increases rapidly when speed is above 50,000 rpm.  
 
Figure 33 Tested spin down time vs. the rotor speed of three motors. 
 
The bearing loss is the dominant loss for low-cost, low-power and high-speed motor. The 
friction torque caused by the thrust load is linearly dependent on the thrust loss [82]. Increase in 
airgap length reduces the axial force, causing a reduction in the bearing loss. Large airgap also 
reduces the airgap flux density, causing an increase in copper loss and decrease in power density. 
There is a tradeoff between the bearing loss and the power density for the axial flux PMSM with 










Figure 34  (a) tested damping power of the designed PMSM, damping motor and the PMSM 
with larger airgap, and (b) separated bearing loss of the designed PMSM, damping motor and the 





3.6 Improvement of the Axial-Flux PMSM 
Because the efficiency of the designed axial-flux prototype is low, to improve efficiency, 
the following issues were considered:  
a) Reducing bearing loss 
 Because thrust load increases bearing loss, sandwich structure can be considered to 
balance the thrust force. The sandwich structure motor is the one with two external stators and 
one internal rotor, or with two external rotors and one internal toroidal stator. Ceramic ball 
bearings can be considered to further reduce bearing losses. If extremely low bearing loss is 
required, non-contact bearings such as gas bearings, and magnetic bearings should be 
considered.  
b) Reducing copper loss  
The copper wire diameter is too smaller to bear high current. Multi-strand litz-wire can 
be considered to reduce winding resistance and eddy current loss in the winding.  
c) Reducing saturation in the rotor back iron 
The magnet keeper in the rotor can be replaced with a magnetic material to reduce 
saturation in the back iron. And the airgap can be increased to reduce airgap flux density to 
reduce iron loss and leave more space for the winding. 
Figure 35 shows the picture of the new winding of using multi-strand Litz-wire. The new 
test results of the axial flux PMSM with multi-strand Litz-wire winding, increased airgap length, 






Figure 35 The new winding of using multi-strand Litz-wire. 
3.7 Summary of Axial-Flux PMSM Design 
Axial force of the single-sided motor affects the bearing loss extensively. It is important 
to consider the effect of axial force to the loss of ball bearings when performing optimization.  
Axial-flux PMSM can be used for high-speed applications. Rotordynamic problem is 
much less for axial-flux motors than for radial-flux motors due to shorter length for same output 
power. Axial force can be reduced greatly with sandwich structures such as two-stator /one rotor, 
or two-rotor/ one stator. However, large diameter prevents it from super-high speed due to high 
rotor stress. And also, permanent magnets are very brittle, and it is not safety to put them on the 
surface of the rotor that rotates at high-speeds. Therefore, radial-flux PMSM was considered for 





CHAPTER FOUR: DESIGN AND CONTROL OF A SUPER HIGH-SPEED 
CRYOGENIC PMSM 
4.1 Introduction  
In this chapter, the design, fabrication, control, and test of an electric motor with 2000 W 
output shaft power at 200,000 rpm is provided. The requirements of the super high-speed motor 
are shown in Table 4. The designed motor is used in a two-stage cryocooler for application in 
zero boil-off and long duration storage of liquid hydrogen systems. Although the operating 
temperature of the motor is 77 K, it is also be able to run at room temperature with reduced 
output power.  
4.2 Design Considerations  
4.2.1 Selection of Motor Type  
Many types of motors can be considered for super high-speed applications as discussed in 
Chapter 3. Selection of motor type is based on applications and specifications. PMSM offers the 
advantage of higher efficiency compared to other types of motors since there is no excitation 
power loss in the rotor, and lower eddy current loss in the stator and rotor. Therefore, there is an 





meeting our required specifications. 
Table 4 Requirements of the super high-speed motor 
Output shaft power 2000 W 
Shaft speed 200,000 rpm 
Shaft diameter 16 mm 
Maximum length 100 mm 
Maximum outer diameter 44 mm 
Efficiency > 90% 
Operating temperature 77 K 
4.2.2 Axial-Flux PMSM or Radial-Flux PMSM  
Both axial-flux PMSM and radial-flux PMSM have been successfully used for high-
speed drives. However, there are some disadvantages by using axial-flux structure. Single-sided 
axial-flux structure has large axial force applied to the bearings due to large magnetic force 
between the rotor and the stator. This axial force will increase the bearing loss greatly as was 
demonstrated in Chapter 3. Sandwich structure can solve this problem, but will make the 
structure complicated.  
Axial-flux PMSM has large diameter and short length, so the surface speed is much 
larger than radial-flux PMSM that has the same mechanical rotor speed. Large diameter of the 
rotor increases stress in the rotor, making the rotor less robust at super high-speed. Therefore, it 
is not ideal for super high-speed applications. Large rotor diameter also has large windage loss 





it has to be held by some high yield stress materials such as carbon fiber ring or inconel. It is 
very critical for axial-flux PMSM due to large surface speed.  
A radial-flux PMSM has smaller diameter and longer length compared to the axial-flux 
PMSM, so it has smaller surface speed and lower rotor stress. Although long shaft will reduce 
critical speed, it can still be above the operating speed by design. So a radial-flux PMSM is ideal 
for this design. 
4.2.3 Slotless Stator or Slotted Stator 
The slotted structure of the motor increases the cogging torque, causing undesirable 
vibrations. It also increases eddy current loss in the rotor, core loss in the stator teeth, and 
windage loss. Various approaches have been considered to reduce the cogging torque and losses 
associated with slotted structure [75]. Slotless structure is one of the effective methods especially 
for super high-speed motors. By using slotless structure, the cogging torque due to the slots is 
eliminated, and eddy current loss in the rotor due to the harmonics of air gap flux density is also 
greatly reduced. Therefore, it is very desirable to have slotless structure for low power motor 
running at super high-speed, especially when the rotor is very small and only air cooling is 
provided. Slotless structure can also reduce the stator core loss. 
For low-power motor, although the magnetic gap increases due to slotless structure, 
causing the reduction of the air gap flux density and thus power density. Reduction of power 





super high-speed, and the cooling system may be larger than motor itself.   
One major disadvantage of slotless structure is that the eddy current loss in the winding 
increases rapidly at higher speeds and lower temperatures. This eddy current loss is mainly due 
to the proximity effect caused by the rotating permanent magnet, which will become very 
significant at super high-speeds and cryogenic environment.  Multi-strand twisted Litz-wire was 
used to effectively reduce the eddy current loss. 
4.2.4 Rotor Structure 
For a permanent magnet motor, a major challenge is to retain the magnets against the 
centrifugal force at super high-speed.  The conventional method is to use a carbon fiber ring to 
hold the permanent magnets against the shaft. However, at super high-speed, the required thick 
carbon ring increases the magnetic gap, causing reduced airgap flux density and power density. 
Because the required shaft diameter is small in this design, the permanent magnet was 
considered to be centrally located inside the shaft. 
4.2.5 Designed Motor Structure 
The cross section of the preliminary design is shown in Figure 36. The key dimensions of 
are shown in Table 5. The permanent magnet is centrally located inside the hollow shaft. The 
rotor was assembled by heating the shaft and cooling the permanent magnet. For super high-





the same speed. Low electrical frequency reduces switching loss of the controller. The number of 
turns per phase and the pitch factor were considered based on the requirements such as DC 
supply voltage, shaft speed and desired back-EMF. Shaft diameter is fixed to be 16 mm due to 
the requirements of gas foil bearing that are currently under development. To build a prototype 
for lab test purpose, small diameter ceramic ball bearings were used and the step rotor with ball 
bearings is shown in Figure 37. Appendix B provides the analytical design in detail. In order to 
test load performance, a motor/generator was also designed and fabricated. The rotor structure of 
motor/generator is very similar to that of the designed radial-flux PMSM except that there are 
two permanent magnets inside the hollow shaft and the shaft is much longer. The detailed rotor 
drawings of the motor and motor/generator can be found in Appendix C. 
 
 





Table 5 Key dimensions of the designed cryogenic PMSM 
Physical gap length 0.8 mm 
Stator inner diameter  23.6mm 
Stator outer diameter 35 mm 
Motor active length 21 mm 
Litz-wire configuration  100 strands @AWG 36 
Turns/phase/pole 6 
Winding pitch 15/18  
Shaft diameter 16 mm 
PM length 13 mm 
PM width 10 mm 
 
 
Figure 37  Rotor structure of the radial-flux PMSM prototype. 
4.3 Material Selection 
Cryogenics is generally defined as the science that deals with temperature below 120 K. 
Properties of most materials change significantly with temperature and thus many materials are 
unsuitable for cryogenic applications. For example, some materials, such as carbon steel, plastic, 
and rubber, become very brittle at such low temperatures. For the PMSM operating at 77 K, 





4.3.1 Permanent Magnet 
Neodymium-iron-boron (Nd-Fe-B), which has the highest energy product compared to 
other types of permanent magnets, is widely used in electric machines and other applications. 
However, when the temperature is below 140 K, Nd-Fe-B will change from a uniaxial material 
to an easy-cone anisotropy material, which makes the magnet easily demagnetized [83]. 
Therefore, Nd-Fe-B is generally not considered for applications below 140 K, although an 
application at 60~64 K has been reported in [84].  
Samarium Cobalt (SmCo) also has very high energy product. It is very stable at low 
temperature and has very low temperature coefficients of coercivity and remanence. SmCo also 
has high Curie and operating temperatures. Thus, when inserting the permanent magnet into the 
shaft, the shaft can be heated to very high temperature without affecting the performance. 
Therefore, for 77 K application, SmCo was chosen as the permanent magnet material.  
4.3.2 Winding  
Copper was considered for the winding. The copper DC loss is greatly reduced at low 
temperature due to increased conductivity. However, the eddy current loss of the winding due to 
proximity effect increases because it is inversely proportional to the conductivity. Thus, multi-
strand Litz-wire was used to reduce the eddy current loss. The Litz-wire was constructed using 
100 strands of AWG 36 (0.125 mm diameter), coated with heavy 200°C polyesterimide and 





sofimide to withstand temperature down to 77 K. The constructed Litz-wire was tested at 77 K, 
and the results show that it can survive at 77 K without any insulation degeneration problems. 
4.3.3 Stator 
 The motor stator is made of laminated silicon steel. The magnetic properties of the 
silicon steel are relatively insensitive to the temperature change [85]. However, because the 
conductivity of silicon steel increases with the decrease of temperature, the eddy current loss will 
increase when temperature decreases [85], [86]. To reduce eddy current loss, thin laminations are 
required. 0.127 mm (0.005 in) non-oriented silicon steel that is available in the market was used. 
The conventional epoxy adhesive (Magna-Tac E645) was used to bond the laminations. 
Additional contain ring can be used to hold the laminations together in case the adhesive is not 
effective at 77 K. 
4.3.4 Bearing 
Selection of bearings is also an important issue. Conventional ball bearings, lubricated 
with oil or grease, are unable to work at such low temperatures because of the solidification of 
lubricants. And also at super high-speed, the loss of ball bearings will be very large. So it is 
recommended to have non-contact bearings such as gas bearings or magnetic bearings. For the 
prototype which is only tested at room temperature, low loss ceramic bearings lubricated with 





4.3.5 Shaft  
The shaft material was chosen to be high-stress Titanium, which has yield strength of 
about 1400 MPa and low coefficient of thermal expansion. Low density of Titanium is also an 
advantage to increase critical speed of the shaft. It is also known to be good for cryogenic 
applications. The shaft was machined using electro-discharge machining (EDM).  
4.4 FEM Simulation and Optimization 
4.4.1 Simulation of Magnetic Flux  
Magnetic flux density distribution is an important issue in the motor design. Low 
harmonics of the magnetic flux density distribution can reduce loss. It can be simulated using 
magnetostatic FEM. Figure 38 shows the flux lines generated by the permanent magnet in the 
rotor.  The MMF in the winding, even at the rated current, is weaker compared to that of 
permanent magnet.  
Figure 39 shows the airgap flux density distributions in the normal and tangential 
directions, respectively. The corresponding harmonics analysis of the flux density in normal 
direction shows that the dominated harmonics is the 3rd harmonics, which is very lower 
compared to that of slotted structure. The flux in tangent direction cannot contribute to any 







Figure 38 Flux lines caused by the permanent magnet at room temperature. 
 



























4.4.2 Simulation of Back-EMF 
The back-EMF is caused by the variation of the flux linked with the winding. It can be 













                                                      (4.1) 
where B is the flux density, A is the vector magnetic potential and Ls is the length of the stator. 
By running the magnetostatic problems for different rotor angles and using (2.62) and (4.1), no-
load back-EMF was calculated as shown in Figure 40. The FFT analysis shows that the 
normalized third harmonics of back EMF is less than half that of the normalized third harmonics 
of airgap flux density in normal direction. This improvement is due to the short-pitch winding.   
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4.4.3 Calculation of Inductances 
The phase inductances were calculated by using energy method as discussed in Chapter 
2. The simulated energy is 0.00186 J when applying 64 A phase a current and no currents in 
phase b and c. It is 0.00215 J when apply 64 A phase a current, 64 A phase b current, and no 
current in phase c. Based on these data, the phase magnetizing inductance was calculated as 
shown in Table 6, where the measured result is also provided. 
Table 6 Simulated and measured phase inductances. 






Simulated 0.91 0.66 1.57 
Measured N/A N/A 1.63 
 
4.4.4 Transient Simulation  
To accurately simulate the dynamic behavior of the motor, 2-D transient time-stepping 
solver with motion was also used. The equation dealing with coupled time varying electrical and 
magnetic field for transient simulation is [61], [62] 
AvHVtAJA cs ×∇×+×∇+∇−∂∂−=×∇×∇ σσσν )/(                      (4.2) 
where v is the velocity of the moving parts, A is the magnetic vector potential, t is the time, V is 
the electrical scalar potential, Js is the current source density, Hc is the coercivity of the 





4.4.4.1 Simulation in Motoring Mode 
In motoring mode simulation, A rms value of 61.4 A field oriented phase current was 
applied to each phase, together with 10% of fifth harmonics, 8% of seventh harmonics, 1.2% of 
eleventh harmonics and 1% of thirteenth harmonics. These harmonics were intently added to 
simulate the motor performance in non-ideal case. Figure 41 shows the calculated phase flux 
linkage when rotating at 200,000 rpm and at 77 K. Back-EMF can be calculated directly from 
flux linkage by using (2.62).  

























Figure 41 Calculated flux linkage. 
 
Figure 42 shows the simulated torque. The large variation of torque is due to large 





when there is no harmonics in the phase currents. Figure 43 shows the simulated eddy current 
loss in the rotor (shaft and permanent magnet), and the stator core loss. The simulated average 
core loss is 9.1 W at 77 K, and the rotor eddy current loss is less than 1 W even there are a lot of 
time harmonics in the phase currents.  
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Figure 42 Simulated torque when applying 61.4 A phase current together with harmonics. 
4.4.4.2 Simulation in Generating Mode 
The PMSM was also simulated in generating mode with rectifier circuit similar to Figure 
12 except that there is no capacitor. In that case, the phase current has a lot of harmonics as 
shown in Figure 44. Figure 45 shows the output DC current and voltage waveforms, and the 
average output power is 1950 W. The simulated torque is shown in Figure 46, where the average 










































Rotor eddy current loss
 
Figure 43 Simulated rotor eddy current loss and stator core loss when rotating at 200,000 rpm 
and at 77 K. 
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Figure 45 Rectified output voltage and current. 
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Figure 47 shows the simulated stator core loss and rotor eddy current loss. The average 
stator core loss is about 9.85 W, and the average rotor eddy current loss is 13 W. The eddy 
current distributions in the shaft and permanent magnet are shown in Figure 48. Due to skin 
effect, the eddy current loss in the hollow shaft is dominant. The large eddy current loss is due to 
large harmonics in the phase current shown in Figure 44.  














 Rotor eddy current loss
 Stator core loss
 
Figure 47 Simulated stator core loss and rotor eddy current loss at 200,000 rpm and the 
cryogenic temperature of 77 K. 
4.5 Structural Design  
The structural design involves both the rotor structural integrity as well as the 
rotordynamic performance. For rotor structural integrity, the main focus is on the magnet 
retention and the bearing design. The permanent magnet was designed to be inside the hollow 





permanent magnet and rotordynamic performance. 
 
 
Figure 48 Simulated eddy currents in the shaft and permanent magnet in generating mode with 
rectified output DC power of 2000 W.   
 
The rotor structure is subjected to various stresses under operation. The simulation shows 
that the bending stress developed is much less than ultimate tensile strength of shaft and magnet. 
The rotating shaft is also subjected to stress due to centrifugal force while operating at 
200,000 rpm. Centrifugal stress analysis was done using FEM software at the operating speed. 
The simulation shows that the shaft expands more than the magnet and will result in a clearance 





interference fit is required. It was calculated that heating the shaft to 400 0C and cooling the 
magnet to liquid nitrogen temperature will produce the necessary clearance to insert the magnet 
in the shaft. Residual stresses arising due to this process of assembling were also calculated. The 
simulation also shows that the compressive stress due to interference fit between the shaft and 
magnet will not damage the permanent magnet. The centrifugal stress and residual compressive 
stress contributes to the total stress developed while the shaft is in operation. The maximum total 
stress simulated is 852 MPa as shown in Figure 49. This value is much less than the yield 
strength of Titanium grade that was used to build the shaft. 
 
 
Figure 49 Stress in the shaft and magnet assembly. 
 
 For estimating the fundamental lateral critical speed of the motor shaft, classical 
approximate methods can be used such as Rayleigh’s method or Dunkerley’s formula. Although 
these methods were originally proposed for the calculation of fundamental natural frequency of 





gyroscopic moment since their first critical speed is not a function of the rotational speed. 
Rayleigh’s method was used for the initial analytical rotordynamic analysis. This method 
is based on the following principle: In a conservative system vibrating freely at its fundamental 
natural frequency, the maximum strain energy (Esmax) stored is equal to the maximum kinetic 
energy (Ekmax) in the system.  
Figure 50 shows a shaft with two supporting bearings. Assuming the deformation 
equation is  
 sin(ωsi
L





⎛=                                                      (4.3) 
where Y is the maximum deformation at the shaft center due to its own weight (m), L is the shaft 
span between the rigid bearings, and ω is the lowest natural frequency (m). The strain energy and 
maximum strain energy can be calculated as 
    Es (ωωt) sinL
πEI Y
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where E is the Young’s Modulus (Pa) and I is the Polar Moment of Inertia (m4). The Polar 
Moment of Inertia of a beams cross-sectional area measures the beams ability to resist torsion. 
The larger the Polar Moment of Inertia, lesser the beam will twist. The Polar Moment of Inertia 
about z-axis can be calculated by using the following mathematical equation 





where x is the distance from the y axis to an infinetsimal area dA, and y is the distance from the x 
axis to an infinetsimal area dA. 
 
Figure 50 A shaft with two supporting bearings. 
 
The kinetic energy and maximum kinetic energy can also be calculated as 
(ωωt)                               (4.7) cosωm Y
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L    E 22kmax =                                                           (4.8) 
where m is the line mass density of the shaft (kg/m). Using Rayleigh’s method, the lowest natural 








EI ππω ==                                                        (4.9) 
where M is the mass of the shaft (kg). For the solid cylindrical Titanium shaft with span length of 
57.57 mm, the calculated first critical speed is 832, 400 rpm. When considering hollow shaft 
with permanent magnet inside, because the sintered permanent magnet will not contribute strain 






























                                    (4.10) 
where d is the shaft outer diameter, t is the thickness of the hollow shaft, and ρshaft and ρPM  are 
the mass densities of the shaft and permanent magnet, respectively. Based on the above equation, 
the first critical speed of the 57.57 mm span length, 1.5 mm thickness Titanium hollow shaft 
with permanent magnet inside was calculated to be 515,800 rpm.  Appendix D shows the 
analytical calculation of critical speeds. 
An FEA model was also built to perform rotordynamic simulation accurately. The 
rotordynamic equation of motion for a coupled, flexible rotor/casing system with conventional 
bearings is 
[ ]{ } [ ]{ } [ ]{ } { }fqqq =++ KCM &&&                                        (4.11) 
where q represents the physical coordinate degrees of freedom, f represents external forces, M 
represents mass matrix, K represents the bearing stiffness matrix, and C represents damping 
matrix. Figure 51 shows the FEM rotordynamic model of the radial-flux PMSM. The model 
consists of three-pieces, shaft middle part, and two plugs. The three-piece rotor is modeled as a 
3-shaft model with a coupling with translational and rotational stiffness at the joints. Figure 52 
shows the simulated critical speeds assuming the translating stiffness is 107 N-mm, and rotational 
stiffness is 5 x107 N-mm.   





FEM simulation model. The simulated results are shown in Figure 54, and Figure 55. The 
simulation results show that our operating speed of 200,000 rpm is between the first critical 
speed and second critical speed. Therefore, it is necessary to quickly pass the first critical speed 
during the load test. 
 
Figure 51 FEM rotordynamics model of the radial-flux PMSM. 
 
 






Figure 53 FEM rotordynamic model of the motor/generator. 
 
 
                                                                          (a)  
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Figure 55 Simulated critical speeds of the motor/generator.  
 
The rotordynamic analysis results are summarized in Table 7.  The analytical analysis 
results are larger than FEM simulation. It is because: (a) the analytical analysis is based on 
simple model assuming infinite large stiffness of the bearings, and (b) the analytical analysis 
assumes that the shaft has constant diameter and does not consider the steps near the bearings.    
 
Table 7 Summary of the rotordynamic analyses. 
 FEM rotordynamic simulation Analytical analysis 






Lowest  natural 
frequency (rpm) 
Motor 247 411 416 516 





4.5 Loss Analysis  
Accurate estimation of losses is a very important issue in the design of super high-speed 
and high efficiency motors. The losses were estimated based on the analytical analyses and/or 
numerical simulations.  
4.5.1 Copper Loss 
The stator and the attached winding are shown in Figure 56. The part of the winding that 
is outside of the stator is called end winding. The copper loss consists of I2R loss and eddy 
current loss. Short-pitch winding was considered to reduce the length of the end winding 
resulting in reduced I2R loss.  
 






The eddy current loss comes from: (a) skin effect resulting from the same source 
conductors, and (b) proximity effect resulting from the motion of the permanent magnet. 
Because the electrical frequency is very low, and skin depth is larger than the radius of the 
copper wire, the skin effect can be ignored. Therefore, the main source of eddy current loss 
comes from proximity effect.   
The eddy current loss per volume for the round wire was calculated based on the 
following equation [42] 
                                                                                   (4.12) ρω 32/222 dBP PE =
where Bp is the peak flux density, ω is the electrical angular frequency, d is the diameter,  and ρ 
is the resistivity.     
Figure 57 shows the electrical resistivity of copper vs. temperature. Residue resistivity 
ratio (RRR), which shows the purity of a sample, is defined as the ratio of resistivity at 300 K to 
resistivity at 4.2 K.  Higher purity in copper will lower the electrical resistivity at low 
temperatures. The RRR is 50 for the copper used in this design.  
The electrical resistivity of the copper wire is greatly reduced at the cryogenic 
temperature due to reduced phonon electron scattering. At 77 K, the resistance of the copper 
winding is about one-ninth of that at room temperature, so the I2R loss can be greatly reduced. 
However, the eddy current loss increases. 
Eddy current losses of the winding are simulated for both solid wire and multi-strand 
Litz-wire cases, assuming the temperature of the winding is kept at 77 K.  If solid wire is used 





as shown in Figure 58, where the wire diameter is 1.5 mm. The simulated peak eddy current is 
above 580 A when the rotor is rotating at 200,000 rpm and the operating temperature is 77 K. 
Such a large eddy current is mainly due to the super high-speed and extremely low copper 
resistivity at 77 K. So it is not practical for solid wire to be used in a cryogenic motor with 


























Figure 57 Electrical resistivity of copper vs. temperature. 
 
The eddy current is greatly reduced after using 75 strands at AWG 36 (0.125 mm in 
diameter) multi-strand Litz-wire as shown in Figure 59. From (4.12), it can be seen that the eddy 
current loss is proportional to the square of the wire diameter. So it is very effective to reduce 





eddy current loss per volume. However, the back-EMF will also reduce, resulting in the 




Figure 58 Simulated eddy current of the round solid wire when the rotor is rotating at 200,000 
rpm and the operating temperature is 77 K. 
4.5.2 Stator Core Loss 
Time-step transient FEM with motion was used to calculate stator core loss. At 77 K, the 
coefficients of eddy current losses can be adjusted since it is proportional to the conductivity 
when the frequency is low [87]. The conductivity of silicon steel at the temperature t was 
corrected since 
( ))(1/ TtTt −+= ασσ                                                (4.13) 
where T is the reference temperature (normally 20 °C), σT is the conductivity at the reference 






Figure 59 Simulated eddy current of the Litz-wire (75 strands at AWG 36) when the motor is 
rotating at 200,000 rpm. 
4.5.3 Rotor Loss 
For super-high speed PMSM, rotor loss generated by induced eddy currents in the metal 
shaft and permanent magnets may amount to a considerable part of the total loss. The major 
causes of the rotor eddy currents can be categorized into the following three groups [72]: (a) no-
load rotor eddy current loss caused by the existence of slots, (b) on-load rotor eddy current loss 
induced by the harmonics of windings’ MMF, and (c) on-load rotor eddy current loss induced by 
the time harmonics of the phase currents due to PWM. 







V V∫ ∫== σσ /
22 JE                                                   (4.14) 
where σ is the material conductivity, E is the electric field, J is the eddy current density, and V is 
the volume of the material. The analytical model for predicting eddy current loss in the rotor can 
be found in [88].                                                                         
For slotted structure, eddy current loss may be significant at super high-speeds. However, 
slotless structure can eliminate no-load rotor eddy current loss. Harmonics of the winding’s 
MMF can also be reduced using fractional windings. Low-pass filters were used to reduce the 
time harmonics of phase currents due to PWM. The simulation results show that rotor loss can be 
ignored after the above improvements.  
4.5.4 Windage Loss 
For the motor at super high-speeds, windage loss may become considerable. Accurate 
prediction and reduction of windage loss becomes important. Based on (2.31), the windage loss 
was calculated to be 6.3 W. 
4.5.5 Super High-Speed PMSM Efficiency  
Table 8 shows the simulated and/or analyzed losses of the designed super high-speed 
PMSM with gas bearings that is intended to work at both the cryogenic temperature of 77 K and 
room temperature. The stray load loss can also be ignored due to slotless design. The stray load 









distribution and distortion of the magnetic flux by the currents. The bearing loss is the estimated 
air bearing loss. The designed radial-flux PMSM was well optimized based on efficiency and 
also the bearings have  very low loss,  so the efficiency is much higher than the axial-flux PMSM 
that is described in Chapter 3. 
4.6 Prototype Design and Fabrication 
The rotor of the motor was fabricated out of Titanium 6Al-4V. The shaft was machined 
by EDM process.  Two caps are used to house the bearings which support the integrated rotor. 
These parts were machined partly by EDM and regular machining process. 
Table 8 Simulated and /or analyzed losses of the super high-speed PMSM 
 At room temperature At 77 K 
Copper DC loss (W) 71.3 7.5 
Copper AC loss (W) 1.4 12.8 
Stator iron loss (W) 4.2 9.85 
Bearing loss (W) 30 
Windage loss (W) 6.3 
Low pass filters loss (W) 11 
Controller loss (W) 100 
Total loss (W) 224.2 177.5 
Efficiency 89.9% 91.8% 
 
4.6.1 Bearing Design and Lubrication 
Internal clearance of a ball bearing affects life, noise, vibration and temperature 
generation, so it is extremely important to select the optimum radial clearance for each 
application. When a ball bearing is used, it is not used alone. It is likely to be used on a shaft or 
in a housing bore by interference fit which is described as a value of tightness between the shaft 
and bearing bore or the housing bore and the bearing outside diameter.  
The purpose of interference fit is to prevent slipping. Once slipping occurs, the 
temperature will be abnormally generated by the slipping abrasion. Creeping is associated with 
the slipping between fitted surfaces. It will be a cause of premature life failure or that the 
abrasion particles will enter the bearing and causes it to become noisy and eventually burn up. 
Typically a large interference fit prevents creeping, but it is necessary to select the interference 
fit by giving attention to the reduction of radial clearance, and the effect of the temperature 
change to the interference fit and raceways during the bearing operation. 
Figure 60 shows the structure of bearing inner ring fit. The reduction of bearing internal 


































































































































where d is the inner ring bore diameter, d1 is the shaft bore diameter, d2 is the inner ring raceway 
diameter, i is the interference fit,  Eb is the Young's modulus of bearing,  Es is the Young's 
modulus of shaft,  mb is the Poisson's ratio of bearing, and  ms is the Poisson's ratio of shaft. 
Figure 61 shows the structure of bearing outer ring fit. The reduction of bearing internal 
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Figure 61 Bearing outer ring fit. 
 
Table 9 Bearing fit calculation. 
 Symbol Value Unit 
Young's modulus of shaft Es 2 × 1011 Pa 
Young's modulus of bearing Eb 1.15 × 1011 Pa 
Young's modulus of housing Eh 1.15 × 1011 Pa 
Shaft diameter d 6.35 mm 
Innter ring outer diameter d2 8.35 mm 
Interference fit between shaft and bearing i 0.00254 mm 
Housing bearing support diameter D 12.7 mm 
Housing outer diameter D2 50 mm 
Interference between outer ring and housing I 0 mm 
Internal clearance reduction due to inner ring fit 0.5δ 0.0012 mm 
Internal clearance reduction due to outer ring fit 0.5∆ 0 mm 





The initial clearance of the bearing is between 0.0051 mm and 0.0130 mm. Therefore, 
after assembly, the internal clearance is between 0.0039 mm and 0.0118 mm. Sufficient internal 
clearance was kept considering the reduction due to the shaft rotation and heat. 
Lubricant selection is also importance for the performance of a ball bearing. It affects 
life, torque, speed, noise, temperature and rust prevention. The two basic types of lubricants 
available are oil and grease. Applications that require extremely low bearing loss are suited to 
use oil as a lubricant. However, the volume of the oil circulating system is large.   
Greases are comprised of oil base and thickener. The life obtained from greases is 
considerably greater than that of oil. This is because of a continuous mechanism of lubrication by 
base oil separation coming from the construction of the thickener. 
To simplify housing design for the prototype, grease lubrication was considered. The 
bearing has approximately 9 mm mean diameter. It is about 1,800,000 nDm when rotates at 
200,000 rpm.  Two greases were considered. Kluberspeed BF 72-22 is designed for high-speed 
bearings. It has a low viscosity of 22 cSt at 40 oC and is shear stable even at super high-speeds. 
This grease can provide optimum protection and friction loss is minimal once the bearing/grease 
has been run-in. The disadvantage of this grease is that the maximum operating temperature is 
only 80 °C (180 °F). Another type of grease that is also widely used for high-speed application is 
Chevron SRI-2. The operating temperature of this grease can be as high as 150 °C (300 °F). 
Although large viscosity increases bearing loss, the viscosity will reduce when temperature 





4.6.2 Rotor Assembly 
The rotor consists of hollow shaft, permanent magnet, and two plugs. Figure 62 shows 
the integrated shaft after balancing. Permanent magnet was inserted into hollow shaft by first 
cooling the permanent magnet down to 77 K and heating the hollow shaft to 570 K. The 
temperature of the permanent magnet will increase and that of the hollow shaft will decrease 
during assembling, so the clearance will decrease gradually. It is desirable to have a fixture, as 
shown in Figure 63, to increase assembling speed. The plugs were welded to the shaft using 
electron beam welding. After assembly, the rotor was balanced. The total material removed is 
0.0049 gram on left side and 0.0037 gram on right side, so total unbalance is 0.034 gram-mm. 
The test results show that the total power losses have been reduced greatly after balancing 
although the total unbalance is still far beyond the requirement of 0.0075 gram-mm for the 
medium quality grade of G2.5 [89].  
 






Figure 63 Fixture to insert a permanent magnet into the hollow shaft. 
4.6.3 Housing and Pre-Load 
The designed housing and the corresponding two caps are shown in Figure 64. There is 
light interference fit between the housing and the stator that is shown in Figure 65.              
 






Figure 65 Stator with winding. 
 
Preload reduces the operating internal clearance. When a ball bearing is used in a motor, 
it has "zero" radial clearance when an axial load is applied. This axial force is called preload. If 
there is any radial clearance, vibration and noise of the balls will occur, and the stiffness of the 
ball bearing will be very low. An optimum preload should be individually specified for each ball 
bearing size. If the preload is applied excessively, Bearing fatigue life will be short and will 
increase raceway noise as well. Bearing loss will also be large. If the applied preload is 
insufficient, fretting corrosion can occur. This happens as a result of vibration causing the balls 
to resonate and abrade on the raceways. Therefore, obtaining the correct preload is important. 





can be obtained by mechanically locking all the rings in position while under an axial load. The 
advantages of this type of design are that the components remain simple and the stiffness is high. 
The disadvantage is high variation in preload under temperature variation, and that the pre-load 
can reduce with wear. Spring pre-load can be applied using a coil spring or a spring wave 
washer, etc. An advantage of spring pre-load is that it maintains consistent pre-load with 
temperature variation. The disadvantages are that the designs are more complex and normally 
have lower stiffness. Since the exact pre-load value is not difficult to predict, an adjustable 
spring pre-load cap was designed which is shown in Figure 66. The pre-load of this structure can 
be adjusted by selecting the spring stiffness and modifying the thickness of shim that is located 
between the cap and the housing.  
 





Another design is to apply the preload directly to outer ring of the bearing by a large 
diameter spring, which was used in the prototype of motor/generator system.  
Water cooling was considered for the motor to be tested at room temperature, Figure 67 
shows the assembled motor prototype with cooling for lab test. 
 
 
Figure 67 The assembled motor prototype with cooling for lab test. 
 
4.7 Motor Control and Test 
4.7.1 Motor Control 





special switching sequence of the upper three power devices of a three-phase voltage source 
inverters (VSI) used in motor drives. This special switching scheme for the power devices results 
in 3 pseudo-sinusoidal currents in the stator phases. It has been shown that space vector PWM 
generates less harmonics distortion in the output voltage or currents in the windings of the motor 
load and provides more efficient use of DC supply voltage, in the comparison to direct sinusoidal 
modulation technique. To increase the efficiency of the inverter, soft switching technology can 
be used [90]. However, three-phase soft switching is complicated and actually it will also reduce 
maximum switching frequency. Therefore, at super high-speeds, soft switching is not widely 
used. 
The output of inverter driven by PWM is a serial of pulses, so it is necessary to remove 
switching harmonics from the drive current.  However, the phase inductance of a slotless PMSM 
is low, so low-pass filters or reactors were used to remove harmonics as shown in Figure 68.  
There are two parallel conductors. It was observed that there are very large circulating 
currents within these parallel conductors due to unbalanced back EMF voltages. These 
circulating currents increase winding resistance, causing increased winding losses. By 
connecting one external inductor to each conductor, the circulating currents can almost be 
eliminated. The modified connection is shown in Figure 69. Two inductors of each phase were 
wounded in one Ferroxcube E core E42/21/15-3C90. The gap in the middle is 1.14 mm. The 
self-inductance is 129 uH, and mutual-inductance is -120 uH. Therefore, for phase current, they 
are connected in parallel, and the resulting inductance is 5.13 uH, and for unbalanced current, 






Figure 68 Two parallel conductors of each phase are connected in parallel before they are 
connected to an external inductor. 
 
 






Close-loop sensorless control is generally considered for high performance PMSM 
control [91]-[99]. However, when the speed is very high, powerful DSPs are needed to realize 
sensorless control. In high-speed range, some close-loop sensorless controllers based on 
hardware or FPGA have been developed and are commercially available [100]-[102]. However, 
no software based close-loop control for the speed above 100,000 rpm has been reported in the 
literature. Sensorless six-step BLDC controllers can also be realized by using commercially 
available controller chips such as Fairchild ML 4425 [103]-[105], ON Semiconductor 
MC33033/33035 [106], [107] , Texas Instrument UC3625 [108], and Allegro A3932 [109]. The 
performances of these popular BLDC control ICs were compared in [110].  
Two control methods have been designed and implemented in one PCB. One method is 
based on TI DSP 2407A to generator PWM, and the inverter was realized using high power 
MOSFETs. The other method is based on six-step BLDC controller ML 4425. Figure 70 shows 
the photo of the controller prototype that was used to drive the designed super high-speed 
PMSM. The schematic and PCB layout can be found in Appendix E.  
For constant speed drive at laboratory, conventional V/f control can be considered. 
However, simple open-loop controller is not stable, especially when the phase resistance is very 
small [111]. In order to reduce copper loss, the phase resistance needs to be as low as possible. If 
the motor is unstable, the motor will stop abnormally at high speeds. It is necessary to consider 
the stability control and high efficiency control in the controller [112], [113]. It is also shown 
that the efficiency of the V/f with high efficiency control can be close to that of sensorless 





implement the stability control. The following figure shows the phase current of the PMSM 
using modified control scheme when it is unstable (first part) in certain condition and stable 
(second part) after stability control is on.  
 
Figure 70 Photo of the controller prototype.  
4.7.2 Free-Spin Test 
The free spin test was performed based on the method discussed in Chapter 3. Figure 72 
shows the tested input power versus free-spin motor speed. It shows that total input power to the 





power is the summation of controller loss, bearing loss, windage loss, copper loss, and the iron 
loss in the rotor and stator.  
 
Figure 71 Phase current before and after the stability control switch is on. 
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4.7.3 Spin-Down Test 
Spin-down was also tested. Figure 73 shows the tested spin-down time versus the motor 
speed. The inertia of the rotor was calculated to be 1.405 × 10-6 kg-m2. Based on (2.67), the 
damping power of the motor was calculated as shown in Figure 74. It shows that the damping 
power of the motor is about 94 W when rotating at 200,000 rpm. It consists of bearing loss, 











Figure 74 Damping power vs. motor speed. 
4.7.4 Load Test  
Super high-speed mechanical couplers are very difficult to design and not commercially 
available. Therefore, to eliminate coupler, one motor and one generator were machined in a 
single shaft as shown in Figure 75. Tight interference fit was provided and super glue was used 
to avoid slip between the shaft and permanent magnet. Figure 76 shows the photo of the 
motor/generator prototype. Water cooling was used to remove the heat from the housing. Air 






Figure 75 Parts of the integrated motor/generator shaft. 
 
 
Figure 76 Photo of the fabricated motor/generator prototype. 
 
The load test method is described in Chapter 2. The circuitry shown in Figure 13 was 
used in performing load test. The output power was calculated based on the measured AC 
voltages acrossing the power resistors, and the AC currents flowing into the power resistors. The 
input power was calculated based on the measured motor phase current and the motor back EMF 
plus 5 % of estimated harmonics. Table 10 shows the load test results for the speed up to 109,800 





efficiency of the PMSM was calculated based on the results of Motor/Generator efficiency 
considering additional bearing loss. It can be seen that the efficiency of the designed PMSM is 
above 92% at high-speeds. Due to high switching loss, the controller is not so efficient. Figure 
77 shows the efficiency vs. motor speed for the torque shown on Table 10. We can see that when 
the torque is low, the efficiency is also low. However, when the torque is too large, the winding 
becomes too hot, so the efficiency will also become low.  The optimized torque is 0.95 N-m 
when the motor operates at 77 K. At the room temperature, the torque corresponding to highest 
efficiency depends on cooling condition. Based on the current cooling condition, the ideal torque 
is about 0.06 N-m. Therefore, at the room temperature, the PMSM can output about 63% of the 
designed power at 77 K.   
 































































Table 10 Load test results 





























6.1 30.0 0.35 6.0 6.8 0.5 2.8 4.3 63.9 78.9 22.5 14.4 0.008 
10 50.0 0.57 8.9 16.5 0.8 4.6 11.8 71.5 83.8 33.0 23.6 0.013 
20.1 125.0 1.15 16.7 61.6 1.7 9.3 47.1 76.4 86.9 49.3 37.7 0.026 
30.5 202.6 1.74 24.5 137.2 2.5 14.2 107.6 78.5 88.2 67.7 53.1 0.038 
36.6 325.0 2.09 28.7 192.7 3.0 16.8 152.7 79.2 88.6 59.3 47.0 0.045 
42.7 385.0 2.43 32.0 250.8 3.5 19.2 202.0 80.5 89.4 65.2 52.5 0.050 
48.8 518.0 2.78 34.8 310.8 4.0 22.0 261.1 84.0 91.3 60.0 50.4 0.056 
54.9 600.0 3.13 37.6 376.7 4.4 24.5 322.4 85.6 92.1 62.8 53.7 0.061 
61 466.7 3.48 30.5 333.1 5.4 18.0 289.4 86.9 92.6 71.4 62.0 0.049 
73.2 615.7 4.17 35.5 465.8 6.4 21.1 404.9 86.9 92.6 75.7 65.8 0.057 
97.6 1060 5.56 46.2 809.5 8.4 27.7 695.2 85.9 92.0 76.3 65.6 0.073 







CHAPTER FIVE: CONCLUSION 
This work focused on the design of PMSM which is capable of operating at super high-
speed with high efficiency. The designed PMSM has 2000 W shaft output power at 200,000 rpm 
and at the cryogenic temperature of 77 K. The fabricated PMSM has been successfully tested to 
run upto 210,000 rpm. To test the load performance, a motor/generator prototype was also 
fabricated and tested at room temperature with reduced power. The test results show that the 
expected efficiency can be 92%, showing a significant improvement in efficiency compared to 
the commercial motors with similar rating.  
There are no commercially available motors that run at such high speed and output power 
range.  The state of the art technologies was used and the motor dimensions were optimized 
based on analytical calculations and FEM simulations to increase performance. a) Multi-strand 
twisted Litz-wire was used to dramatically reduce eddy current loss in the winding. b) Slotless 
laminated stator was used to reduce torque pulsation and eddy current loss in the rotor. c) The 
high energy product permanent magnet Samarium Cobalt (SmCo), which has a low temperature 
coefficient and high Curie and operating temperatures, was used to avoid overheat of the magnet 
during assembly and to reduce the complexity of the cooling design for the rotor.  
This dissertation first talks about the basics of electric machines. After that, the modeling 
of PMSM for dynamic simulation is provided. Particular design strategies have been adopted for 
super high-speed applications since the motor losses assume a key role to limit the motor drive 





discussed. It is shown that slotless structure with multi-strand Litz-wire is favorable for super-
high speed and cryogenic applications.  
The design and analysis of an axial flux PMSM are presented. Based on FEM simulation, 
the influence of the permanent magnet shape and the screw holes for small size motor were 
analyzed and the rotor structure was optimized. From the simulation, it is shown that for small 
motor, more attention should be paid to the mounting screw holes since they will affect the 
performance especially when there is saturation in the rotor back iron. The simulated back-EMF 
agrees very well with the experimental results. The torque and torque ripple were also simulated. 
The bearing loss was separated after spin-down test.  The tested efficiency at 50,000 rpm is about 
60%. The motor is capable of running at 87,000 rpm with open loop control. To our knowledge, 
it is the first time that a compact axial flux, low power motor was demonstrated that can run at 
such high speed.   
Based on experiments, bearings loss is the dominant loss for this kind of low power axial 
flux single-sided motor. Changing airgap length will change the axial force which will also 
change the bearing loss substantially. It is necessary to consider the change of bearing loss 
during optimization. 
Axial flux PMSM is suitable for the applications requiring short length but large 
diameter. It also has a compact structure and can easily be integrated to the impellor of the 
compressor. However, it has a lot of disadvantages. Large bearing loss due to axial force is one 
of the major disadvantages. This will prevent it from further increase the speed. This positive 





disadvantage is that large rotor diameter will have high surface speed that will increase the stress 
of rotor and also prevent the motor from going to super high-speed. 
The methodologies of designing super-high speed motors are provided in details. Based 
on these methodologies, a radial flux PMSM was designed and fabricated. The designed PMSM 
meets our expectation and the tested results agree very well with our design specifications.   
2-D and 3-D modeling of the complicated PMSM structure with respect to the 
electromagnetic numerical simulations of motor performance and parameters such as phase 
inductors, core losses, torque, back-EMF are also presented in details. Some mechanical issues 
such as thermal analysis, bearing pre-load, rotor stress analysis and rotor dynamics analysis are 
also elaborated. The different control schemes are presented and the suitable control scheme for 
super high-speed PMSM is also discussed in details.  
The main contributions of this research work are: (a) Developed the design 
methodologies of super high-speed PMSM. (b) Designed and tested a super-high speed PMSM 
with high efficiency. (c) Developed the simulation methods for both axial and radial flux 
PMSMs with complicated structures.  
This work has shown that a properly designed and optimized radial-flux PMSM can spin 
at super high-speed with efficiency as high as 92%. However, considerable work may be 
required further to improve the performance of the motor and make it commercially practical. 
First integration of this motor with contactless bearing (such as gas bearing or magnetic bearing) 
need to be considered in order to make it work at cryogenic temperatures, thus reducing bearing 





performed to keep the temperatures of the components below the limit. Finally, reliable and 











Peak Phase Current: Ipsc Ieph 2⋅:= Ipsc 10.782 A= peak( )
Motor Outside Demensions:
Doutside 3.6in:= Doutside 91.44 mm=
Loutside 1.18in:= Loutside 29.972 mm=
Rotor Dimensions:
Diameter Over Magnet Dor 2.15in:= , Dor 54.61 mm=
Diameter Under Magnet Dir 0.8 in⋅:=






rpa 0.7:=Rotor Pole Arc
Laxm 1.905 mm=,Laxm 0.075 in⋅:=Magnet Axial Length
Lrad 17.145 mm=,Lrad 0.5 Dor Dir−( ):=Radial Length of Magnet
Dir 20.32 mm=
Max Phase Voltage
ph 3:=No. of Stator Phase






Nrpm 50000:=Rated Shaft Speed
Nrpmmax 100000:=Max Shaft Speed
P 4:=Number of Poles
VDC 28V:=DC Bus Voltage 
Pout 100W:=Output Mechanical Power 
Specifications: 









PFe 0.9:=Estimated Power Factor:
η 85.00%:=Estimated Efficiency:
Estimation:









strd 1:=Strands / Conductor





tin 16:=Throw in NOS
tpc 1:=








































dbi 7.62 mm=dbi 0.3 in⋅:=Back Iron Depth
Laxial 7.62 mm=Laxial 0.3 in⋅:=Axial Length
Din 20.32 mm=Din 0.8 in⋅:=Inside Diameter




=Ari Lrad tri⋅:=Backiron Area  
Turns per Coil











gmech 1.397 mm=gmech 0.055 in⋅:=  Length of Mech Airgap





















dent 0.165 lb in 3−⋅=dent 4570 kg⋅ m 3−⋅:=Density of Titanium
denb 7.474 103× kg m-3=denb 0.27 lb⋅ in 3−⋅:=Density of rotor back iron





























⋅ tpc⋅ sckt⋅:=Length of conductor/ phase




⋅:=Hc coercive Field Intensity( )




⋅( ) Ω⋅ cm⋅:=Wire Resistivity @ 20oC
sst 0.003in:=Slot Seperator Thickness
sit 0.003in:=Slot Insulation Thickness
wit 0.0018in:=Wire Insulation Thickness
Material Properties:
denm 0.27 lb⋅ in 3−⋅:=Density of magnet
denc 7.474 103× kg m-3=denc 0.27 lb⋅ in 3−⋅:=Density of iron core








:=BrTemp Coeff for 








:= Pg 1.324 10
3
× mm=











:= rrl 0.057 mm 1−=
Permeance of leakage path Pml
1
rrl
:= Pml 17.423 mm=
Permitivity of iron due to
 high saturation (estimated) permiron 6:=




































:= Pt 76.19 mm=
Residue Flux source φr Br Am⋅:= φr 4.414 10
4−
× weber=










⋅:= φm 1.434 10
4−
× weber=
Estimated ohmic Loss Prloss ph Ieph
2
⋅ Rph⋅:= Prloss 10.377 watt=
Flux 










⋅:= Ag 504.491 mm
2
=
























⋅:= Am 353.143 mm
2
=
Estimated leakage factor ELF 0.05:=
Rel reluctance of magnet rrm
Laxm
Am perm⋅




:=Permeance of magnet Pm 0.206 m=
Rel reluctance of gap rrg
ge
Ag




Stator iron and Stray Loss Pisl 10 W⋅:=
Winding AC loss Pcuac 3W:=
Estimated Windage Loss Pwindage 5W:=
Electrical Efficiency ηe
Pout















:= Pd 5.081 10
4−





⋅:= φu 1.362 10
4−
× weber=
Airgap Flux Density, Bg
φu
Ag
:= Bg 0.27 tesla=




:= Bsi 0.521 tesla=





:= Bri 1.646 tesla=
Back EMF:
Induced Back EMF Ebackrms
2π f⋅
2










Torques 0.1 N m⋅=
Esimated. Efficiency η 0.9:=
Total Loss Ploss Pout 1 η−( )⋅:= Ploss 200 W=
Total EM Loss Pem Ploss Pfr−:= Pem 100 W=
Power Factor ξ 0.95:=
Phase Current Iph
Pout
3 Vph⋅ η⋅ ξ⋅
:= Iph 68.212 A=
Wire Current Iwire 0.5 Iph⋅:= Iwire 34.106 A=
Winding Temperature Twindingn 300 40+( )K:=
Twinding77k 77 20+( )K:=
Copper Wire Properties:





Temp Coefficient of Cu αc 0.00393 K 1−⋅:=
σn
σ rt








Rated Motor Speed Speed 200000:= rpm( )
No. of Phases Ph 3:=




:= f 3.333 103× Hz=
Shaft Power Output: Pout 2000W:=




:= Vph 11.431 V=
Vphpk Vph 2⋅:= Vphpk 16.166 V=
Shaft Diameter Dshaft 16mm:= Dshaft 0.63 in=
Estimation
Estimated Friction Loss Pfr 100W:=





Di 0.970in:= Di 24.638 mm=
Stator Outer Diameter Do 1.38in:= Do 35.052 mm=
Winding Construction:
Single Wire Diameter Dswire D36:= Dswire 0.142 mm=
Dbswire Db36:= Dbswire 0.127 mm=
Rn Rn36:= R77k R77k36:=
No. of Strands Nstrands30 30:= Nstrands36 100:=
Nstrands Nstrands36:=
Stator Active Length La 21mm:=
Insulation Thickness Tins 0.003in:= Tins 0.076 mm=
σ77k
σ rt







AWG36 Db36 0.005in:= Db36 0.127 mm=
D36 0.0056in:= D36 0.142 mm=
Rn36 1 αc Twindingn 300 K⋅−( )⋅+⎡⎣ ⎤⎦ 414⋅ 10
3−
⋅ Ω⋅ ft 1−⋅:=
Rn36 1.572 Ω m
1−
⋅=
R77k36 1 αc Twinding77k 300 K⋅−( )⋅+⎡⎣ ⎤⎦ 414⋅ 10
3−
⋅ Ω⋅ ft 1−⋅:=
R77k36 0.275 Ω m
1−
⋅=
AWG30 Db30 0.010in:= Db30 0.254 mm=
D30 0.0108in:= D30 0.274 mm=
Rn30 1 αc Twindingn 300 K⋅−( )⋅+⎡⎣ ⎤⎦ 103.7⋅ 10
3−
⋅ Ω⋅ ft 1−⋅:=
Rn30 0.394 Ω m
1−
⋅=
R77k30 1 αc Twinding77k 300 K⋅−( )⋅+⎡⎣ ⎤⎦ 103.7⋅ 10
3−
⋅ Ω⋅ ft 1−⋅:=







Stator Inner Diameter Die 2R2 2 Dwire⋅+( ) 2 Tins⋅+:= Die 26.168 mm=
Filling Factor
Areacu
π Di Dshaft− Lg−( )2
4
























⋅:= Lcoil 0.631 m=
Lead Length
Llead 2 25⋅ mm:=




Lcoil Llead+( ) Rwiren⋅
pckt
:= Rnph 5.35 10
3−
× Ω=
Wire Diameter Dwire 1.75mm:= Dwire 0.069 in=
Litz Wire Resistivity Rwiren
Rn
Nstrands
:= Rwiren 4.791 10
3−




:= Rwire77k 8.371 10
4−
× Ω ft 1−⋅=
Number of Turns Ntotal 36:=




Number of Parallel pckt 2:=







⋅ 5= deg( )






+:= R1 9.675 mm=
R2 R1 cos α( )⋅ Dwire Tins+( )2 R12 sin α( )2⋅−+:=
138
ACCuLoss77k 16.818 W=
Density of Stator Core denc 0.27lb in 3−⋅:=








⋅:= Vstator 10.252 cm
3
=
Weight of Stator Core Wstator Vstator denc⋅:= Wstator 0.077 kg=








Ken 2.92 10 6−⋅
W
Hz2 T2⋅ lb⋅






Hz T⋅( )1.5 lb⋅
:= Kexen 3.307 10 4−×
W
Hz T⋅( )1.5 kg⋅
=





Lcoil Llead+( ) Rwire77k⋅
pckt
:= R77kph 9.349 10 4−× Ω=
Copper DC Loss Lossncu 3Iph
2 Rnph⋅:= Lossncu 74.685 W=
Loss77kcu 3Iph
2 R77kph⋅:= Loss77kcu 13.051 W=
Peak Flux Density Bp 0.3721T:=
Copper AC Loss
PE Bp
















⋅:= Vola 1.915 10
3
× mm3=


















Lossn Lossncu ACCuLossn+ Losssn+ Pfr+:=
Loss77k 138.21 W=
Loss77k Loss77kcu ACCuLoss77k+ Losss77k+ Pfr+:=
Total loss
Losss77k 8.342 W=
Losss77k Wstator Kh f⋅ Bm
2
⋅ Ke77k f Bm⋅( )2⋅+ Kexe77k f Bm⋅( )1.5⋅+⎡⎣ ⎤⎦⋅:=
Losssn 5.223 W=
Losssn Wstator Kh f⋅ Bm
2
⋅ Ken f Bm⋅( )2⋅+ Kexen f Bm⋅( )1.5⋅+⎡⎣ ⎤⎦⋅:=
Lexe77k 3.81 W=Lexe77k Kexe77k f Bm⋅( )
1.5
⋅ Wstator⋅:=
Ledd77k 3.247 W=Ledd77k Ke77k f Bm⋅( )
2
⋅ Wstator⋅:=
Lexen 2.126 W=Lexen Kexen f Bm⋅( )
1.5
⋅ Wstator⋅:=
Leddn 1.812 W=Leddn Ken f Bm⋅( )
2
⋅ Wstator⋅:=







Kexe77k 5.926 10 4−×
W
Hz T⋅( )1.5 kg⋅
=Kexe77k 1.792 Kexen⋅:=
140





























































4 d 2 t⋅−( )4−⎡⎣ ⎤⎦⋅
8Length4 ρTi d










If Solid Shaft 








4 d 2 t⋅−( )4−⎡⎣ ⎤⎦⋅
8Length4 ρTi d


































4 d 2 t⋅−( )4−⎡⎣ ⎤⎦⋅
8Length4 ρTi d










If Solid Shaft 








4 d 2 t⋅−( )4−⎡⎣ ⎤⎦⋅
8Length4 ρTi d









Calculation of Motor/Generator Rotor Dynamics:
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